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Abstract
The eukaryotic phylum apicomplexa encompasses many thousands of parasite species of medical and
veterinary importance, including Plasmodium sp. and Toxoplasma gondii. These obligate intracellular
parasites survive and replicate within suitable eukaryotic hosts, ultimately rupturing infected cells to
release parasites that can invade neighboring cells. Repeated cycles of infection and lysis are responsible
for the pathogenesis associated with these parasites. Apicomplexan parasites replicate using an unusual
process known as endodyogeny or schizogony
schizogony, in which daughters are constructed de novo within the
mother. This distinctive mode of replication relies on dynamic assembly of an organelle known as the
Inner Membrane Complex (IMC)
(IMC): a patchwork of flattened vesicles (alveoli) intimately associated with
cytoskeletal proteins. The IMC is highly dynamic, and its assembly, disassembly and localization within
the parasite are critical for many important functions, including parasite motility, maintenance of
structural integrity, and partitioning maternal organelles among progeny parasites. Most studies on the
IMC have focused on its cytoskeletal components; little has been known about the assembly of this
organelle's membrane components.
This dissertation investigates the biogenesis and fate of the IMC, using Toxoplasma as a model system.
Exploiting an IMC integral membrane protein as a marker (GAP40), live cell imaging of fluorescent protein
reporters, photobleaching and photoactivation techniques, has permitted us to define IMC morphology
and dynamics throughout the replicative cycle of T.gondii. This work demonstrates that initial assembly
and elongation of the T.gondii IMC involves de novo synthesis, but following emergence from the mother
cell, the daughter IMC continues to grow via recycling of the maternal IMC.
As a series of flattened membrane vesicles, the IMC appears to arise from the Golgi apparatus, via
vesicular trafficking machinery. We have therefore examined SNARE proteins potentially involved in the
biogenesis of the IMC. Genome wide analysis and phylogenetic reconstruction permitted classification of
apicomplexan putative SNAREs (25 In T. gondii, 24 in P. falciparum). Functional predictions based on
SNARE motif and subcellular localization reveals conservation of SNAREs involved in the early secretory
pathway, highlighting the stripped-down apicomplexan endomembrane system, and providing a map of
SNAREs likely to be involved in distinctive parasite function(s).
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ABSTRACT
DYNAMICS AND FATE OF THE INNER MEMBRANE COMPLEX
IN TOXOPLASMA GONDII
Dinkorma T. Ouologuem
David S. Roos PhD
The eukaryotic phylum apicomplexa encompasses many thousands of parasite
species of medical and veterinary importance, including Plasmodium sp. and Toxoplasma
gondii. These obligate intracellular parasites survive and replicate within suitable
eukaryotic hosts, ultimately rupturing infected cells to release parasites that can invade
neighboring cells. Repeated cycles of infection and lysis are responsible for the
pathogenesis associated with these parasites. Apicomplexan parasites replicate using an
unusual process known as endodyogeny or schizogony, in which daughters are
constructed de novo within the mother. This distinctive mode of replication relies on
dynamic assembly of an organelle known as the Inner Membrane Complex (IMC): a
patchwork of flattened vesicles (alveoli) intimately associated with cytoskeletal proteins.
The IMC is highly dynamic, and its assembly, disassembly and localization within the
parasite are critical for many important functions, including parasite motility,
maintenance of structural integrity, and partitioning maternal organelles among progeny
parasites. Most studies on the IMC have focused on its cytoskeletal components; little
has been known about the assembly of this organelle’s membrane components.
This dissertation investigates the biogenesis and fate of the IMC, using
Toxoplasma as a model system. Exploiting an IMC integral membrane protein as a
marker (GAP40), live cell imaging of fluorescent protein reporters, photobleaching and
iii

photoactivation techniques, has permitted us to define IMC morphology and dynamics
throughout the replicative cycle of T.gondii. This work demonstrates that initial
assembly and elongation of the T.gondii IMC involves de novo synthesis, but following
emergence from the mother cell, the daughter IMC continues to grow via recycling of the
maternal IMC.
As a series of flattened membrane vesicles, the IMC appears to arise from the
Golgi apparatus, via vesicular trafficking machinery. We have therefore examined
SNARE proteins potentially involved in the biogenesis of the IMC. Genome wide
analysis and phylogenetic reconstruction permitted classification of apicomplexan
putative SNAREs (25 In T. gondii, 24 in P. falciparum). Functional predictions based on
SNARE motif and subcellular localization reveals conservation of SNAREs involved in
the early secretory pathway, highlighting the stripped-down apicomplexan
endomembrane system, and providing a map of SNAREs likely to be involved in
distinctive parasite function(s).
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CHAPTER 1. INTRODUCTION
This introduction begins with a general description of the phylum Apicomplexa,
with special reference to the life cycle of apicomplexan parasites, including diagnosis and
treatment of infections caused by these pathogens. We will then consider the ultrastructure of Toxoplasma gondii tachyzoites, including a discussion of the inner membrane
complex (IMC) and its importance for the unusual replication of these parasites. The
IMC is a distinctive organelle consisting of flattened vesicles (alveoli) intimately
associated with cytoskeletal proteins. Since IMC vesicles are likely related to other
components of the endomembrane system, part 3 briefly describes vesicular trafficking in
apicomplexan parasites. Finally, a summary of outstanding questions about the
apicomplexan IMC provides specific context for this dissertation.

1. THE EUKARYOTIC PHYLUM APICOMPLEXA
1.1. DIVERSITY OF THE PHYLUM APICOMPLEXA
The eukaryotic phylum Apicomplexa (also known as Sporozoa) constitutes a
large and disparate group of parasitic protozoa characterized by the presence of a unique
apical complex in the motile invasive stage of the parasite (Levine, 1970). The phylum
encompasses more than 5000 named species of medical, environmental and economic
importance, but recent metagenomic studies indicate that even this is a gross underestimate of global apicomplexan diversity. Important human pathogens include
numerous species in the genera Plasmodium, Toxoplasma and Cryptosporidium.
Plasmodium ssp. are responsible for malaria, affecting approximately 300 million people
1

and causing nearly 1 million deaths each year, primarily among young children in SubSaharan Africa (Snow et al., 2005; World Health Organization, 2011). Toxoplasma
gondii is capable of infecting virtually all warm-blooded animals, and represents one of
the most common human infections throughout the world (Tenter et al., 2000). T. gondii
is a source of severe congenital neurological birth defects and also known as an
opportunistic pathogen in immunocompromised individuals (Luft and Remington, 1992;
Pappas et al., 2009; Weiss and Dubey, 2009). Cryptosporidium spp., are responsible for
cryptosporidiosis, and widespread enteropathogen of animals and humans [Levine 2013
GEMS study]. Cryptosporidium has emerged as an opportunistic pathogen and human
infection can be life threatening in infant, elderly and immunocompromised individuals
(Shirley et al., 2012)..
The phylum Apicomplexa also includes many parasites of veterinary importance,
with detrimental economic impact to the agricultural industry (Shirley et al., 2007). For
example, Eimeria spp. are ubiquitous parasites responsible for coccidiosis, which impair
poultry growth and account for global economic losses exceeding $2.4 billion annually
(Shirley et al., 2005). Theileria spp. and Babesia bovis are responsible for theileriosis
(East Coast fever) and babesiosis, respectively, and severely limit cattle production in
some parts of the world. Neospora caninum is a major cause of infectious bovine
abortion worldwide, with important economic losses to the cattle industry (McAllister et
al., 1996; Reichel et al., 2013).
In sum, apicomplexan parasites cause a multitude of unrelated diseases that are
major public health issues. Nonetheless, members of this phylum share distinctive
features (see below) and they have been classified into four distinct groups based on
2

phenotypic characteristic (life-cycle patterns, cyst organization, parasites ultrastructure)
and molecular data: the coccidia (e.g. Toxoplasma, Neospora, Cryptosporidium,
Eimeria), the gregarines (e.g. Selenidium, Lankesteria), the haemosporidians (e.g.
Plasmodium) and the piroplasms (e.g. Theileria, Babesia) (Fig. 1) (Galip, 2001)..
1.2. THE GENERAL LIFE CYCLE OF APICOMPLEXAN
Apicomplexans are obligate intracellular parasites with a complex life cycle
involving both asexually reproducing forms (sporozoites and merozoites) and sexual
stages. Despite the differences in their modes of transmission, hosts species, and tissue
tropism, the general life cycle is characterized by three distinct processes: sporogony,
merogony (schizogony, endodyogeny or endopolygeny) and gamogony (Fig. 2). These
processes may be restricted to a single tissue within one host (Cryptosporidium, Eimeria),
or may traverse different hosts and involve different tissues within the same host
(Toxoplasma, Plasmodium).
Infection of the vertebrate host begins by the release of motile and invasive forms
called sporozoites in the skin or the intestine of the host. The coccidian parasites
(Toxoplasma, Cryptosporidium, Neospora, Eimeria) are mainly transmitted by ingestion
of food or liquid contaminated with sporulated oocysts. In response to the acidic
environment of the intestine, oocysts excyst to release the infectious sporozoite forms.
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Figure 1: Phylogenetic position of Apicomplexan relative to selected-outgroups (adapted from Slapeta
et al. 2011)
This cladogram displays relative position only, with no indication of evolutionary distance or rates. The
four traditionally recognized apicomplexan groups are labeled and characteristics of their life cycle
indicated. Note that Piroplasmids and Haemosporidians have a reduced apical complex (no conoid) and
that Cryptosporidium lost its plastid (apicoplast). http://tolweb.org/Apicomplexa/2446/2011.05.18 in The Tree
of Life Web Project, http://tolweb.org/
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Figure 2: Apicomplexan parasites life cycle (adapted from Roos, 2005)
This diagram displays the differentiation of various apicomplexan parasites through their life cycle. Radial
line indicates distinct invasion event in which parasite invades new host cells (Broken lines correspond to
invasion events that do not require entering a new tissue type). Sporozoites enter the mammalian cells
indicated in the upper left sector. Merozoites (called tachyzoites in Toxoplasma) enter new cells (except
Cryptosporidium) and propagate asexually causing significant tissue destruction and anemia. Toxoplasma
infected cells can also differentiate into latent bradyzoite tissue cysts (particularly in muscle and brain)
which can be transmitted without sexual recombination via carnivory. The pink-shaded region at the
bottom indicates sexual stages in ticks (Theileria), mosquitoes (Plasmodium) or cat (Toxoplasma).
Cryptosporidium does not require vector species for transmission
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In contrast, sporozoites of the haemosporidians (Plasmodium) and piroplasmids
(Babesia, Theileria) are injected into the skin of the vertebrate host by arthropod vectors
(mosquitoes or ticks, respectively) and travel through the blood vessels to the appropriate
tissues. Within the host, sporozoites invade suitable eukaryotic host cell where they
reproduce asexually and differentiate into the acutely lytic merozoite form, also called
tachyzoites in Toxoplasma and Neospora.
Merozoites enter new cells and divide rapidly, by asexual reproduction inside the
host cell (merogony, schizogony or endodyogeny), which ultimately lyse, spreading
infection to neighboring cells and tissues. In the absence of effective host defenses,
merozoites infect new cells and undergo additional round(s) of merogony. Continued
cycles of infection can produce significant anemia or tissue damage and consequently
contribute to the pathogenesis associated with the infection. For the cyst forming
coccidia (Toxoplasma, Neospora) the rise of acquired immunity (Skariah et al., 2010),
probably in combination with other unknown factors, triggers some tachyzoite-infected
cells to differentiate into latent bradyzoite tissue cysts. These cysts form particularly in
the muscles and brain, establishing a chronic infection in affected host. Bradyzoite tissue
cysts can be transmitted without sexual recombination through carnivory.
As an alternative to merogony, a subset of merozoite differentiates into sexual
stages termed micro- and macro-gametocytes, which develop into gametes and fuse to
form a zygote. The zygote develops into oocyst stages and eventually undergoes further
development to become infectious.

6

1.3. DIAGNOSIS AND TREATMENT
Apicomplexan parasites infect numerous different tissues causing a variety of
symptoms and diseases. As summarized in Table 1, the methods used for the diagnosis
and treatment of human and animal infection depend mainly on the life cycle of the
parasite (Vasoo and Pritt, 2013).
1.3.1. Laboratory diagnosis
Tissue cysts-forming coccidians (Toxoplasma gondii and Neospora ssp.) display a
heteroxenous life cycle consisting of an intestinal and a tissue phase (muscle, brain).
Infection is most often controlled in immunocompetent hosts, resulting in the formation
of bradyzoite tissue cysts, establishing a chronic infection. In contrast to many other
protozoan parasites, laboratory diagnosis is rarely made through the detection and
recovery of the parasites, but relies on serological tests to detect specific antibodies (IgG,
IgM, IgA and IgE) in the serum of infected host. Variability in the persistence of specific
antibodies and the low specificity of some tests can complicate the interpretation of such
serological results. A Toxoplasma serological profile is therefore recommended for
distinguishing between chronic and acute toxoplasmosis (Montoya, 2002), including the
Sabin-Feldman dye test (DT), ELISA detection of IgM, IgA, and IgE and AC/ HS test
(Dannemann et al., 1990; Decoster et al., 1992; Foudrinier et al., 2003; GorgievskiHrisoho et al., 1996; Naot et al., 1981; Sabin and Feldman, 1948).
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Blood serum*
Brain tissues
Cerebrospinal fluids (CSF)
Vitreous and aqueous fluids fluids
Bronchoalveolar lavage (BAL)
Endomyocardial biopsy
Skeletal muscle biopsy

Blood

Stool samples*
Blood serum

T. gondii

Plasmodium sp

Cryptosporidium sp

Rapid diagnostic tests (RDTs)
or Immunochromatographic tests:

IgE antibodies detection1,2,3:
Double sandwich IgM ELISA

IgA antibodies detection1,2,:
Double sandwich IgA ELISA
ISAGA

IgM antibodies detection:
Double sandwich IgM ELISA
Capture IgM-ELISA kits
IFA test
IgM-ISAGA

Avidity of Toxoplasma IgG antibodies:

IgG antibodies detection:
Sabin-Feldman dye test (DT)
ELISA
IFA
Modified direct agglutination test

Toxoplasma serologiacl Profile (TSP):
Sabin-Feldman dye test (DT)
Double sandwich IgM ELISA
Double sandwich IgA ELISA
Double sandwich IgE ELISA
AC/HS test

Serological testing

Detection of oocyst antigens from
blood serum
Enzyme immunoassays (EIA)
Western blot
Microsphere assay

DNA detection
RT-PCR

DNA detection
PCR (Conventional nested,
PCRQT-NASBA, etc...)

DNA detection
Polymerase chain reaction (PCR)
congenital, ocular, cerebral and
disseminated toxoplasmosis

Molecular methods

*Prefered specimen
1
acutely infected adults, 2 congenitally infected infants, 3 children with congenital toxoplasmic chorioretinitis

Specimens

Parasites

Table 1: Laboratory diagnosis

Microscopic techniques:
Giemsa stain of blood smears

Brain Scan techniques
Computerized Tomography (CT scan)
Magnetic Resonance Imaging (MRI)

Microscopic techniques
Immunopreoxidase stain
Air-dried Wright-Giemsa stain
Immunofluorescence Assay (IFA)

DIAGNOSIS
Imaging techniques

Microscopic techniques:
Ziehl-Neelsen stain (Z-N)
Kinyoun's acid fast stain
Safranin methylene blue stain
Giemsa stain
acridine orange
auramine-rhodamine stain
Immunofluorescence assay (IFA)

N/A

N/A

Examination of stool specimen
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Infections can also be established based on PCR amplification of specific nucleic
acid sequences, histologic demonstration of the parasite and/or its antigens in biopsied
specimens (immunoperoxidase stain, Wright-Giemsa stain) or isolation of the organisms
from the blood or body fluids (mouse inoculation or inoculation in tissue cell cultures)
(Dupouy-Camet et al., 1993; Grover et al., 1990; Luft et al., 1984; Montoya et al., 1999;
Stain, 2010).
Blood parasite infection (Plasmodium ssp, Theileria, Babesia) is acquired by the
vertebrate host via injection of sporozoites into skin tissues from the insect vectors, which
serve as hosts for the parasite sexual cycle. Within the vertebrate host, parasites display a
pre-erythrocytic stage followed by an intra-erythrocytic stage responsible for most of the
symptoms associated with the infection. Microscopic examination of blood smears is the
gold standard test for laboratory diagnosis (Wilson, 2013). In the case of malaria, there is
a growing use of serological tests (Rapid Diagnostic Test (RDTs)) that detect
Plasmodium specific antigens or enzymes in many areas where microscopy may not be
available.
Gastrointestinal coccidia (Cryptosporidium ssp and Eimeria ssp) display a
tropism for the intestine of an immunocompetent hosts (but can be more widespread in
immunocompromised subjects), causing diarrhea disease associated with damages of
intestinal epithelial cells. Since oocysts are shed in the feces of infected vertebrates,
laboratory diagnosis is established by detecting oocyst in stool samples. Active and
chronic infection can also be established using blood serum and oral fluid through
indirect methods including enzyme immunoassays (EIA), western blot, microsphere
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assay, Real time and PCR techniques (Casemore et al., 1985; Chalmers and Katzer, 2013;
Chalmers et al., 2010; Savin et al., 2008).
1.3.2. Treatment
A number of drugs have been used with various degrees of success to control the
diseases caused by apicomplexan parasites; commercial vaccines are also available for
some of these infections. With the exception of some nonspecific inhibitors used in
poultry coccidiosis (e.g. monensin), most drugs now in use were discovered more than 50
years ago, and inhibit DNA synthesis (pyrimethamine, trimetroprim, dapsone,
sulfadiazine, sulfamethoxazole, sulfadoxine), protein synthesis (lincosamides,
macrolides), nutrition (chloroquine, arthemisinin), or mitochondrial function
(atovaquone). All of these inhibitors specifically block parasite proliferation. While
these molecules are active against the proliferating form (tachyzoites, trophozoites) of
most apicomplexan parasites, they are ineffective against Cryptosporidium (Current and
Garcia, 1991; Desai et al., 2012) and dormant parasite forms (hypnozoites of Plasmodium
and tissue cyst forms of Toxoplasma and Neospora).
Increasing development of resistance to the most effective compounds (Laczay et
al., 1995; Yadav and Gupta, 2001), toxicity, teratogenic effects and public concerns about
the use of drug in food animal (Barriga, 1994; COMMUNITIES, 2009; Dondorp et al.,
2011; McDougald and Seibert, 1998; Talisuna et al., 2004) have created an urgent need
for the development of new therapeutic interventions. Improving knowledge of the
biology of these parasites may facilitate the identification of potential targets common to
this group of organisms.
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1.4. TOXOPLASMA GONDII, A MODEL SYSTEM FOR APICOMPLEXAN
Among the apicomplexan parasites, Toxoplasma gondii is probably the most
experimentally tractable, and has therefore emerged as model system for the study of
apicomplexan (and other aspects of eukaryotic) biology (Kim and Weiss, 2004; Roos et
al., 1999a). Infection of experimental animals provides an excellent model for human
toxoplasmosis. T.gondii is capable of infecting virtually any nucleated cells, and is easily
cultivable in vitro. Methodology for classic and reverse genetics is well established, and
numerous reagents are available for studying host responses and basic parasite biology.
In contrast to many other apicomplexans, the ultrastructure of Toxoplasma can readily be
visualized within few thin sections under the electron microscope.

2. THE ULTRASTRUCTURE OF TOXOPLASMA GONDII TACHYZOITE
This section describes Toxoplasma gondii organelles, with particular reference to
cell division. Advances in bio-imaging technologies, EM studies on serial sections and
the identification of a growing number of markers have provided a detailed picture of
intracellular organization in T. gondii. The parasite life cycle involves four invasive
forms (tachyzoite, bradyzoite, merozoites and sporozoites), which displays the same
basic morphology, but the tachyzoite is the most extensively studied because of it is easy
to cultivate both in vitro and in vivo. The features described below are primarily based
on observation of tachyzoite forms.
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Figure 3: Ultrastructure of Toxoplasma gondii tachyzoite (adapted from Joiner and Roos, 2002)
Electron micrograph showing a single parasitophorous (PV) containing two T. gondii tachyzoites within a
human host cell. Tachyzoites are highly polarized cell and the apical end of the parasites is at the top right.
Host cell mitochondria (hMt) and ER (hER) are closely associated with the parasitophorous vacuole
membrane (PVM). Each parasite contains a nucleus (Nu), and endoplasmic reticulum (ER), a Golgi
apparatus (G), a mitochondrion (Mt), rhoptry (Rh), microneme (Mn), dense granule (DG), an apicoplast
(Ap). The distinctive pellicle enclosing each parasite consist of the plasma membrane (PM) and the IMC
(IMC). The residual body (RB), which is the vestige of maternal material, can be visualized in the PV.
Electron micrograph kindly provided by L.G. Tilney
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Figure 4: Fluorescent labeling of subcellular structures in Toxoplasma gondii tachyzoites (modified
from Joiner and Roos, 2002)
The central cartoon shows longitudinal section of T.gondii tachyzoite in a parasitophorous vacuole with the
various subcellular structures. Labeling of the IMC was archived using GAP40-YFP, the ER using P30GFP-HDEL (Hager et al., 1999), Golgi using GalNAc-mRFP (Nishi et al., 2008), rhoptries using ROP1GFP (Striepen et al.,1998), the dense granules using P30-GFP (Striepen et al.,1998), the apicoplast using
ACP-GFP (Waller et al.,1998). Antibodies were used to label the plasma membrane (anti-Sag1),
micronemes (anti-Mic3), endosome-like compartment (anti-SORTL). Dyes were used for the labeling of
the mitochondrion (mitotracker) and nucleus (DAPI).
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T. gondii is an obligate intracellular parasite that relies on the organization of its
polarized endomembrane system to invade suitable host cells and establish a specialized
intracellular vacuole, known as the parasitophorous vacuole (PV), within which it resides
and replicates. The PV is derived from host cell membrane, but is not an endosome.
Host plasma membrane / endosomal / lysosomal proteins are removed from the PV
membrane, which is modified by the introduction of various parasite proteins. The
T.gondii tachyzoite harbors most canonical eukaryotic organelles including a nucleus, an
endoplasmic reticulum (ER), a single stacked Golgi apparatus, and a single
mitochondrion (Fig. 3 & Fig. 4)(Sheffield and Melton, 1968). In addition, these parasites
possess distinctive parasite-specific organelles, including the apical complex that gives
the phylum its name, a plastid organelle (the “apicoplast”), and a membrane-cytoskeletal
organelle present underneath the plasma membrane called the inner membrane complex
(IMC) (Fig. 3 & Fig. 4).
2.1. CONVENTIONAL EUKARYOTIC ORGANELLES
T.gondii tachyzoites are banana-shaped cells, ~3 x 9 µm with a haploid nuclear
genome of ~65Mb distributed among 14 chromosomes. This genetic material is
contained within a prominent nucleus, located in the center of the cell and dividing the
cytoplasm into basal and apical domains. In the nucleus, centromeres and kinetochores
of all fourteen chromosomes cluster in a single spot at the periphery of the nucleus, near
an opening in the nuclear envelope (Brooks et al., 2011; Francia and Striepen, 2014).
This cluster is maintained throughout the cell cycle and appears to be tethered to the
centrosome, which is located in the cytoplasm, just apical to the nucleus (Fig 5A).
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Figure 5: Replication Apicomplexan division (adapted from Francia et al., 2014)
(Panel A) Apicomplexan divide by close mitosis: DNA replication arises with limited chromatin
condensation and segregation of the genetic material occurs in a closed mitosis. In the nucleus, the
centromeres and kinetochores of all fourteen chromosomes cluster in a single spot at the periphery of the
nucleus. The spindle pole is embedded in the perinuclear envelope. During mitosis, spindle microtubules
originate in the cytoplasm, proximal to asexual stage centrioles, and pass through nuclear pores located in
the region of the centrocone to mediate chromosome segregation; Panel B shows apicomplexan
replication mechanisms: Unlike mammalian cells, apicomplexan divides by constructing the daughter
cells within the mother. Three modes of replication have been described based on the timing of DNA
replication, nuclear division and daughter assembly. During endodyogeny, each DNA replication is
followed by nuclear division and daughter cell assembly (i.e. Cytokinesis). During Schizogony, DNA
replication is subsequently followed by nuclear division. Daughter assembly occurs only after multiple
rounds of nuclear divisions. During endopolygeny, the DNA replicates several time without nuclear
division using multiple mitotic spindle. Nuclear division and daughter cell formation occur almost
simultaneously
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The centrosome acts as the microtubule-organizing center (MTOC) for spindle
microtubule organization. DNA replication requires little chromatin condensation, and
segregation of the genetic material involves closed mitosis, without breakdown of the
nuclear envelope. The spindle pole is embedded in the perinuclear envelope in a
structure known as centrocone, and proximity with the centrosome / centromere cluster is
thought to facilitate accurate segregation of the genetic material during nuclear division,
while maintaining parasite polarization.
In apicomplexan species, nuclear division can occur several times without
concomitant cytokinesis (assembly of daughters cells); three related mechanisms have
been described based on the relative timing of DNA replication, nuclear division and
cytokinesis. In endodyogeny, each round of DNA replication is followed by a nuclear
division, and cytokinesis resulting in the production of two daughter cells per replicative
cycle. Endopolygeny is defined by multiple rounds of DNA replication prior nuclear
division, while schizogony involves multiple nuclear divisions prior cytokinesis (Fig.
5B). Endopolygeny and schizogony result in the production of multiple daughters per
cell cycle. Interestingly, Toxoplasma can switch from one division mode to another, at
different stages of its life cycle; while endodyogeny is the dominant mode of tachyzoite
replication, endopolygeny has also been observed at low frequency (Hu et al., 2002a).

The endoplasmic reticulum (ER) is distributed throughout the cytoplasm, but
remains concentrated at the basal end (i.e. posterior to the nucleus). The rough ER is
contiguous with the nuclear membrane (Hager et al., 1999) and is so reduced that the
nuclear envelope itself provides a substantial volume of the ER, and serves as an
intermediate compartment between the ER and the Golgi apparatus (ERGIC).
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Toxoplasma possesses a single stacked Golgi apparatus adjacent to the apical end of the
nucleus and consisting of three or five cisternae. The Golgi apparatus is among the first
organelles to be duplicated after centrosome duplication (Nishi et al., 2008) (Fig. 6). In
contrast to mammalian cell division, the Golgi apparatus is not disassembled during
mitosis, but rather inherited by a process of lateral extension followed by medial fission
(Nishi et al., 2008; Pelletier et al., 2002) .
Apicomplexan parasites contain a single mitochondrion with bulbous cristae,
typically forming a lasso-shape structure surrounding the nucleus in T. gondii. The
mitochondrial genome is unusually small (~6 Kb, encoding just three protein-coding
genes (Feagin, 2000)), although definitive analysis in T.gondii is complicated by the
presence of multiple copies of partial mitochondrial genes scattered through the nuclear
genome. In contrast to mammalian cell, the tricarboxylic acid cycle (TCA cycle) does
not appear to be involved in the full oxidation of glucose necessary for ATP synthesis,
and the electron transport chain appears to provide de novo pyrimidine biosynthesis. The
unconventional biochemical properties of the electron transport chain are attractive
targets for drugs development, especially for Plasmodium (Vaidya and Mather, 2009).
The mitochondrion enters daughter cells rapidly, very late during endodyogeny (Nishi et
al., 2008) (Fig. 6); but duplication of mitochondrial genome and segregation between
progeny is not well understood.
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Nishi et al, Journal of Cell Science 121:1559-1568 (2008)

4!

centriole return; plastid elongation; plastid division;
Golgi division
nuclear division
IMC formation

Figure 6: Timetable of organellar replication in T.gondii tachyzoites (from Nishi et al., 2008).
The timetable shows the coordination of the major events during T.gondii tachyzoites cell division. The
visible events span approximately 5 hours, representing more than half of the entire cell cycle. The images
show the typical appearance of various organelles during the major morphological transitions associated
with their replication. From left to right are shown: (1) Apicoplast (red), IMC (green), nucleus (DAPI,
blue); (2) Apicoplast (red), centriole (green), nucleus (blue); (3) Golgi (red), centriole (green), nucleus
(blue); (4) apicoplast(red), IMC (green), nucleus(blue); (5) apicoplast (red), IMC (green), nucleus(blue); (6)
mitochondrion (red), IMC (green); (7) ER (red), IMC.

Parasite zoites also contains acidic calcium storage granules known as
acidocalcisomes (Miranda et al., 2008); T. gondii tachyzoites contain ~10 of these
organelles. They appear as spherical electron dense vesicles distributed throughout the
cytoplasm. Vacuolar proton pumps have been reported in the enclosing membrane, and
acidocalcisomes are thought to play a role in the maintenance of intracellular calcium
homeostasis and osmoregulation (Docampo and Moreno, 2011), but their precise function
remains poorly understood (Rodrigues et al., 2002).
2.2. DISTINCTIVE APICOMPLEXAN ORGANELLES
Most apicomplexan parasites harbor a second endosymbiotic organelle, in
addition to the mitochondrion: a non-photosynthetic plastid called the apicoplast, which
arose when an ancestral alveolates ‘ate’ a eukaryotic alga, retaining the algal plastid as an
essential organelle (Roos et al., 1999b). The apicoplast was originally identified
morphologically (Aikawa, 1966; Sheffield and Melton, 1968), but has only recently been
characterized as a secondary endosymbiotic organelle, with its own genome (Köhler et
al., 1997; McFadden and Waller, 1997; Wilson et al., 1996b). Surrounded by four
membranes (a vestige of its evolutionary history), the apicoplast is relatively uniform in
shape (up to 500nm diameter) and contain a 35 kb circular genome primarily encoding
housekeeping genes involved in transcription and translation (Gardner et al., 1991;
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Wilson et al., 1996a). Most apicoplast proteins are encoded in the nuclear genome, and
post-translationally imported via the secretory pathway, using a distinctive bipartite
targeting sequence (DeRocher et al., 2005; DeRocher et al., 2000; Roos et al., 1999b).
The apicoplast is the site for several essential biochemical pathways including the
synthesis of fatty acid biosynthesis (FASII pathway), isoprenoids (MEP pathways), ionsulfur (Fe-S) clusters and heme (Kumar et al., 2011; Mazumdar et al., 2006; Nair et al.,
2011; Ralph et al., 2004; Seeber and Soldati-Favre, 2010). This plastid has received
considerable attention, as the human host lacks orthologs of many apicoplast proteins and
pathways, yielding potentially druggable enzymes (Qidwai and Khan, 2012).
Apicomplexans use an unusual mechanism to ensure that each progeny is gifted with a
single apicoplast, which associates with the centrosome in the apical juxtanuclear region
during replication, elongating in association with centriole migration, and dividing by a
dynamin-mediated fission (Nishi et al., 2008; van Dooren et al., 2009).

T. gondii tachyzoites also contain three morphologically distinct secretory
organelles known as rhoptries, micronemes and dense granules. Dense granules are
spherical electron-dense vesicles similar to the secretory granules found in endocrine
cells. They are distributed throughout the parasite cytoplasm, and their contents are
constitutively secreted in a calcium-independent fashion (Karsten et al., 1998; Liendo et
al., 2001). Once secreted, dense granule proteins generally localize to specific regions in
the parasitophorous vacuole (PV) and associated membranes (PVM). Dense granule
proteins are presumed to be involved in the maintenance and/or metabolic functions of
the PV (Bougdour et al., 2014; Rosowski et al., 2011), although few of these functions
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have been defined, aside from a highly active nucleotidase (Braun et al., 2013; Mercier et
al., 2005).
Micronemes and rhoptries are located in the anterior portion of the cell and are
part of the elaborate apical complex for which the phylum apicomplexan is named. In
contrast to the dense granules, which are distributed throughout the cytoplasm, secretion
from these organelles is tightly regulated (Carruthers and Sibley, 1997). Both
Microneme proteins (e.g. AMA1, Plasmodium EBA1) and rhoptry proteins (e.g. RON2)
are under active investigation as targets for therapeutic interventions especially for
malaria (Miller et al., 2013; Richards and Beeson, 2009).
Micronemes are the smallest of the apicomplexan secretory organelles and
contain proteins associated with parasite motility/migration and adhesion to the host cell
(Carruthers and Tomley, 2008). Some microneme proteins are proteases that facilitate
the maturation of other microneme proteins. Secretion of microneme contents is
triggered by the mobilization of parasite intracellular calcium and precedes rhoptries
exocytosis. The rhoptries are elongated club-shaped organelles thought to be analogous
to secretory lysosomal granules (Klinger et al., 2013; Ngô et al., 2004). They are the
only acidic compartment in Toxoplasma (Shaw et al., 1998), although the Plasmodium
digestive vacuole (DV) used for degradation of hemoglobin is also acidic. During
invasion, rhoptry contents are discharged through a narrow duct at the apical tip of the
parasite. Rhoptry proteins are thought to be essential for formation of parasitophorous
vacuole that mediates interactions between the parasite and the host cytoplasm. Certain
rhoptry proteins (RONs) form the junction through which parasites enter into the
parasitophorous vacuole (Aikawa et al., 1978; Alexander et al., 2005; Besteiro et al.,
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2011; Lebrun et al., 2005). Other rhoptry proteins are active or ‘pseudo’ kinases that
appear to co-opt host innate recognition and/or signaling pathways (Boothroyd and
Dubremetz, 2008; Bradley and Sibley, 2007; Fleckenstein et al., 2012; Hajj et al., 2007;
Niedelman et al., 2012)
T. gondii tachyzoites retain their apical secretory organelles (rhoptries and
micronemes) throughout the parasite cell cycle, enabling invasion of a new host cell even
after premature rupture of the infected cell. This stands in marked contrast to
Plasmodium zoites, which dedifferentiate by losing their apical secretory organelles, the
inner membrane complex (IMC) and the subpellicular cytoskeleton upon invasion of the
host cell. Nonetheless, in Toxoplasma and Plasmodium, new micronemes and rhoptries
are synthesized de novo within daughter parasites during replication. The biogenesis of
apical secretory organelles during the parasite cell cycle is not well understood.
Following division of the Golgi apparatus, the rhoptries and micronemes of each
daughter cell start to form anterior to the Golgi; these organelles may be generated de
novo since the maternal secretory organelles remain visible in the apical region of the
maternal cell (Fig. 6) (Nishi et al., 2008). It is still not known what becomes of the
maternal secretory organelles, but the assumption is that they are broken down late during
the division process. In addition to secretory organelles, the apical complex includes a
sophisticated cytoskeletal arrangement unique to apicomplexan parasites (Fig. 7). At the
extreme apex, some parasites (including Toxoplasma) display a truncated cone-like
structure known as the conoid, comprised of α and β tubulin filaments organized into a
spiral rather than a fully cylindrical microtubule (Hu et al., 2006; Hu et al., 2002b).
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Figure 7: The Apical complex (From Hu et al., 2006)
Right: Drawing of T.gondii tachyzoite showing subpellicular MT (green) and IMC (Red); Left: Enlarged
view of the apical complex cytoskeleton, showing the conoid (green), preconoidal, and polar rings (brown),
and two intra- conoid MT (green). The conoid is formed of 14 fibers of tubulin (not MT), 430 nm long,
arranged in a left-handed spiral. Cytoskeletal elements, including the subpellicular MT (green) and a 2dimensional lattice of intermediate filament-like proteins (not shown), are closely associated with the
cytoplasmic face of the IMC. Image kindly provided by Ke Hu
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Extension and retraction of the conoid during invasion suggests a mechanical role
of the apical complex during attachment to the host cell membrane and penetration
(Mondragon and Frixione, 1996). Other apical complex structures associated with the
conoid include the preconoidal rings (from whose distal tip conoid fibers originate); the
polar rings (encircling the resting conoid, and from which the parasite’s 22 subpellicular
microtubules originate; the polar ring act as a microtubule-organizing center [MTOC]);
and a pair of intraconoidal microtubules (which may serve as tracks for the transport of
secretory vesicles from the micronemes and/or rhoptries (Carruthers and Sibley, 1997;
Hu et al., 2006; Hu et al., 2002b; Nichols and Chiappino, 1987). The conoid assembly is
among the first daughter parasite structures to be assembled in the cytoplasm parasite
replication, indicating the polarity of nascent daughter cells and coordinating assembly of
the subpellicular microtubules and IMC (Fig. 7).
All organelles of developing daughter parasites become enclosed by a distinctive
organelle known as the Inner Membrane Complex (IMC), which ultimate becomes
closely apposed to the plasma membrane in mature parasites to yield a pellicle
comprised of three unit membranes. The organization of this unusual structure has been
elucidated by freeze fracture electron microscopy (Dubremetz and Torpier, 1978;
Morrissette et al., 1997; Nichols and Chiappino, 1987) (Fig. 8).
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Figure 8: Freeze-fracture reveals organization of the pellicle, IMC plates and subpellicular
cytoskeleton (Adapted from Morrissette et al., 1997)
Panel A: Freeze fracture faces of Toxoplasma pellicle. T.gondii possesses a distinctive pellicle comprising
three membrane bilayers. The IMC, which is composed of flattened vesicles joined by sutures, is closely
juxtaposed to the continuous plasma membrane (PM). Freeze-fracture generates six faces: The P faces are
adjacent to the protoplasm and the E faces to the exterior of the cell. Panel B: Freeze fracture replica of
Toxoplasma showing the striking longitudinal rows of intramembranous particles (IMPs) extending the
length of the parasite. Large arrow indicates subpellicular microtubules. E, exterior; m, middle; I, inner.
Bar, 0.5µm

The outer membrane is the plasma membrane, which is continuous and encloses
the entire organism. The IMC consists of a patchwork of flattened vesicles joined by
sutures, providing two additional membranes. The IMC is interrupted at the apical end of
the parasite by the conoid. The inner side of the IMC is also associated with the 22
subpellicular microtubules anchored to the conoid and organized into gentle spiral
covering the 2/3 of the parasite length (Nichols and Chiappino, 1987) (Fig. 7). The IMC
does not completely enclose the basal end of the parasite, leaving a ~0.5 µm gap covered
by plasma membrane only. Asexual replication of apicomplexan parasites is highly
unusual (Fig. 9). Rather than the binary fission familiar from most animal, bacterial,
fungal and plant cells, involving the assembly of a cell wall, and/or invagination of a
contractile ring, cytokinesis in the apicomplexan involves constructing daughter cells
inside the mother using the IMC as scaffold to delimit the nascent daughter cells. This
process may occur in parallel with nuclear division, or following multiple rounds of DNA
replication. Maturing daughter cells enclosed by an IMC scaffold acquire the maternal
PM only at the time of emergence from the mother cell. Interestingly, the maternal IMC
remains in close juxtaposition to the PM until the emergence of daughter cells; the
mechanism IMC-PM dissociation is not understood.
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Figure 9: Subcellular localization of the IMC during Toxoplasma gondii endodyogeny
PANEL A. Immunofluorescent images of T.gondii tachyzoites during endodyogeny. Images show the
IMC (green) and the plasma membrane (red) at various stages throughout the asexual replication cycle.
PANEL B. Diagram of Toxoplasma gondii endodyogeny. A longitudinal section of Toxoplasma
tachyzoite during endodyogeny. (Left diagram) Interphase cell surrounded by the inner membrane
complex (orange line) and plasma membrane (black line). Structures represented from apical to basal
include the conoid (grey bars), rhoptries (cyan), micronemes (light purple), dense granules (blue),
apicoplast (magenta), Golgi (gold), nucleus (meshed grey) bordered by ER (light yellow) with ribosomes
(black dots), and the mitochondrion (red). (mid diagram) Two developing daughters IMC scaffolds
(green) within the mother cell, enclosing the lobes of dividing nucleus (green). (Right diagram) Daughter
cells emerging from the mother cell by acquiring the mother plasma membrane.
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Moreover, it is still not known what becomes of the maternal IMC, although it has
usually been assumed to be left behind as waste material observed within the residual
body that remains after parasites escape from the infected cell.

3. THE APICOMPLEXAN INNER MEMBRANE COMPLEX (IMC)
We think of mitotic replication by binary fission (or budding) as the norm
throughout life (in archaea, bacteria, plants, animals, etc), but this is not the predominant
mechanism of replication in apicomplexan parasites. Daughter parasites are constructed
de novo, within the mother, and this process, known as schizogony (Plasmodium,
Theileria, Babesia) or endodyogeny (Toxoplasma, Eimeria), is perhaps the most
distinctive aspect of apicomplexan cell biology (Fig. 9). The assembly of new daughter
parasites involves an unusual membrane-cytoskeletal complex known as the Inner
Membrane Complex (IMC), consisting of a patchwork of interconnected flattened
vesicles intimately associated with a complex network of cytoskeletal elements (Foussard
et al., 1990; Gould et al., 2008; Morrissette et al., 1997; Vivier and Petitprez, 1969).
These vesicles are not an apicomplexan-specific invention, but rather a highly
specialized manifestation of the cortical alveoli found in ciliates, dinoflagellates,
chromerids and colpodellids (Klinger et al., 2013). Indeed, cortical alveoli are the
defining morphological feature of the superphylum Alveolata (Adl et al., 2005; Moore et
al., 2008) (Fig 1). In the ciliates (such as Paramecium), the alveolae are specialized for
calcium storage, regulation of exocytosis and ciliary beating (Stelly et al., 1995; Stelly et
al., 1991). In dinoflagellates, the alveoli are known as amphiesma, which maintain the
integrity of the pellicle, by producing a distinctive armor (Lee and Kugrens, 1992). In
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apicomplexans, the IMC forms a patchwork of flattened membrane vesicles, closely
apposed to the plasma membrane to yield a triple unit membrane pellicle (Foussard et al.,
1990) (Fig. 8). Apicomplexan alveolae have not (yet) been identified as storage
organelle, but also form the parasite pellicle, organize cytoskeletal elements, and
maintain the highly polarized organization that is central to apicomplexan biology.
3.1. IMC CYTOSKELETON AND ASSOCIATED-PROTEINS
Phylogenetic approaches, proteomics and genetic studies have permitted
identification of many cytoskeletal proteins intimately associated with the alveoli (Table
2). The outer leaflet of the IMC anchors the actin-myosin motor complex required for
gliding motility and invasion (Dobrowolski et al., 1997; Frénal et al., 2010; Gaskins et
al., 2004; Menard, 2001) (Fig. 10). It is interesting to note that despite the highly
divergent evolution of their motility apparatus, both ciliates and apicomplexans rely on
cortical alveoli for their motility. Indeed, apicomplexan alveoli are thought to contain the
cholesterol necessary for the immobilization of the motor complex, enabling substratedependent migration upon attachment to the host cell (Johnson et al., 2007). Ciliate
alveolae regulates dynein-driven microtubule sliding (Smith, 2002) required for cell
motion.
The cytoplasmic face of the T. gondii IMC associates with subpellicular
cytoskeletal elements, including 22 subpellicular microtubules (other species have
different numbers of microtubules) and a meshwork of intermediate filaments (alveolins)
((Mann and Beckers, 2001; Morrissette et al., 1997; Nichols and Chiappino, 1987)) (Fig.
10).
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Table 2: IMC associated-proteins

IMC sub-compartments
ToxoDB gene ID

Given
name

other
name

Alveolin
TgME49_275670
ALV5
IMC15
TgME49_231640
ALV1
IMC1
TgME49_231630
ALV4
IMC4
TgME49_216000
ALV3
IMC3
TgME49_230210
ALV12
IMC10
TgME49_260540
ALV9
IMC14
TgME49_224530
ALV11
IMC5
TgME49_224520
ALV10
IMC8
TgME49_226220
ALV6
IMC9
TgME49_253470
ALV8
IMC13
TgME49_239770
ALV7
IMC11
Glideosome
TgME49_249850
GAP40
TgME49_219320
GAP50
TgME49_223940
GAP45
TgME49_233030
GAP70
TgME49_297650**
IMC Sub-compartment Protein (ISPs)
TgME49_260820
ISP1
TgME49_237820
ISP2
TgME49_316540
ISP3
TgME49_205480
ISP4
Glideosome Associated Protein (GAPMs)
TgME49_202500
GAPM1a
TgME49_202510
GAPM1b
TgME49_219270
GAPM2a
TgME49_206690
GAPM2b
TgME49_271970
GAPM3
Others
TgME49_244030
IMC3
TgME49_220270
IMC6
TgME49_222220
IMC7
TgME49_248700
IMC12
TgME49_258410
PHIL1
TgME49_310030
CAP
TgME49_313380
ILP1
TgME49_202390
MSC1b
TgME49_263090
14-3-3
TgME49_219289
ALP1

Maternal
IMC

Daughter
IMC
IMC
Apical cap

Lateral
IMC

Basal
IMC

Association to
IMC alveoli

References

Yes
Yes
Yes
Yes
Yes
Yes*
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
No
No
No
No
No

Yes
No
No
No
No
No
No
No
No
No
Yes

Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No

Yes
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes

Cytoskeletal
Cytoskeletal
Cytoskeletal
Cytoskeletal
Cytoskeletal
Cytoskeletal
Cytoskeletal
Cytoskeletal
Cytoskeletal
Cytoskeletal
Cytoskeletal

Anderson-White et al., 2011
Mann et al., 2001
Anderson-White et al., 2011
Anderson-White et al., 2011
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Figure 10: The IMC membrane interacts with cytoskeletal proteins (Adapted from Dubey et al., 2014)
The cytoplasmic face of the IMC membrane (top) associates with cytoskeletal elements, including 22subpellicular microtubules, alveolins (similar to intermediate filaments), and the actin-myosin motor
complex (GAP45 & GAP50, MyoA, F-actin, aldolase) linked to the glideosome complex on the parasite
plasma membrane. Intramembranous particles detected by freeze-fracture electron microscopy of the IMC
are thought to represent microtubule associated proteins (MAPs) and GAPM proteins coordinating
interactions between the IMC membrane and the subpellicular microtubules and intermediate filaments.
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The subpellicular microtubules extend in a gentle spiral from the apical polar ring
and confer both the shape and the apical polarity (Fig. 7). These microtubules are
thought to be connected to the cytoplasmic side of the cortical alveoli via proteins
detected as intramembranous particles (IMPs) by freeze-fracture electron microscopy
(Fig. 8).
The alveolins are a family of intermediate filament-like proteins conserved across
the superphylum Alveolata, and characterized by the presence of repetitive domains
(Anderson-White et al., 2011; Gould et al., 2008) (Table 2). 14 alveolins have been
identified in the T. gondii genome. While the majority of alveolins interact with the IMC
throughout the cell cycle, some associate in a cell cycle-depend manner selectively
labeling the mature maternal IMC or the assembling daughter IMC (Anderson-White et
al., 2011; Gould et al., 2008; Mann and Beckers, 2001). Disrupting IMC organization
alters pellicle integrity, cell shape, and the ability of parasites to reinvade healthy host
cells, as shown by gene disruption and microtubule-depolymerization drug treatment
studies in Plasmodium and Toxoplasma (Khater, 2004; Stokkermans et al., 1996; Tremp
et al., 2008).
Two families of highly conserved apicomplexan-specific proteins are also known
to associate with the IMC membrane. The ISPs (IMC Subcompartment Proteins),
associate with the alveoli through lipid anchors (palmitoylation & myristoylation), and
are suspected to coordinate parasite division (Beck et al., 2010; Fung et al., 2012). ISPs
display a hierarchical organization, associating with apical (ISP1), lateral (ISP2, ISP3 and
ISP4) and basal (ISP3) regions. The GAPM family (Glideosome-Associated Protein with
multiple-Membrane spans) appears to interact directly with both alveolins on the
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cytoplasmic side of the IMC, and the gliding machinery extending from the outer leaflet
of the IMC (Bullen et al., 2009). Many other cytoskeletal proteins also interact with the
IMC indirectly, including microtubules associated with the alveolins on the cytoplasmic
face of the IMC, plasma membrane adhesins linked to the gliding machinery, proteins
localized to the apical cap of the IMC (CAP and Dynein light chain 1 (DLC1)), and the
detergent insoluble proteins PHIL1 that localizes to the basal IMC (Table 2).
3.2. IMC FUNCTIONS
The most distinctive function of the IMC is its critical involvement in parasite
replication and differentiation. During interphase, the IMC is closely associated with the
plasma membrane. At the onset of cytokinesis, new IMC complexes assemble within the
cytoplasm and elongate rapidly, coordinating the segregation of subcellular organelles
according to a strict schedule (Nishi et al., 2008) (Fig. 9). Newly assembled daughters,
delimited by the IMC, ultimately emerge from the mother cell, picking up the maternal
plasma membrane and leaving behind vestiges of the maternal cell that were not
incorporated into the daughters (Sheffield and Melton, 1968; Vivier and Petitprez, 1969).
Interestingly, the subcellular localization of the IMC during interphase differs
considerably between Plasmodium spp and Toxoplasma gondii. Toxoplasma parasites
retain their IMC pellicle throughout tachyzoite, bradyzoite, and sporozoite replication
(Dubey et al., 1998). As result, these parasites are continuously viable, whenever the
host cell is lysed; Note that replication may proceed for several days within large
epithelial cells, but might rupture a small neuronal dendrite within hours of infection.
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In contrast, the IMC of Plasmodium breaks down upon invasion of red blood cells
by merozoites, or hepatocytes by sporozoites. Disappearance of the IMC (along with
secretory organelles and subpellicular cytoskeletal elements) is critical for the dramatic
intracellular remodeling that accompanies intracellular differentiation of Plasmodium.
Within infected erythrocytes, for example, Plasmodium merozoites lose their polarized
shape, engulf hemoglobin (for nutrition), engineer the production of cytoplasmic
inclusions with in the RBC cytoplasm (Maurer’s clefts), and traffic parasite proteins to
the surface of the RBC. It is likely that the presence of an intact pellicle would interfere
with all of these processes. However, as a consequence, a premature rupture of infected
host cells is lethal to malaria parasites. The Plasmodium IMC reappears during
schizogony, analogous to daughter T. gondii assembly during endodyogeny (Bannister et
al., 2000; Hepler et al., 1966).
In addition to its role in replication, the IMC is essential for parasite motility,
maintenance of cell shape and pellicle integrity. Cryogenic electron tomography of
Plasmodium sporozoites have also suggested the role of the IMC in the asymmetric
distribution of the various organelles as well as the maintenance of their relative position
to each (Kudryashev et al., 2010).
It is unclear how the IMC was coopted for the purpose of division in the
Apicomplexa, but this peculiar organelle provides a practical solution to several
fundamental problems faced by many apicomplexan parasites. During replication,
parasites need to maintain their polarity, as polarized attachment and secretion of the
microneme and rhoptry organelles are critical for invasion. The interplay between the
daughter IMC and the cytoskeleton ensures that progenies are assembled in an orderly
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manner, defining the apical - basal axis. The partitioning of cytoplasmic organelles and
genetic material by the IMC scaffolding also provides an ingenious mechanism to rapidly
assemble multiple daughter parasites before bursting out of the host cell. Finally, the
assembly of daughter parasites de novo permits waste material (such as the indigestible
hemozoin crystals resulting from hemoglobin digestion by Plasmodium) to be nonspecifically left behind, rather than specifically degraded. Indeed, apicomplexan
parasites lack conventional lysosomes!

4. VESICULAR TRAFFICKING AND ORGANELLE BIOGENESIS
The endomembrane / secretory system of apicomplexan parasites includes the
nuclear envelope, a minimal and fully interconnected endoplasmic reticulum (ER), a
single Golgi stack, three distinct secretory organelles (rhoptries, micronemes, dense
granules), the IMC and the plasma membrane. These parasites appear to lack
conventional endosomes, but a compartment similar to the early endosomes (or plant
vacuolar compartment) has been described (Miranda et al., 2010; Robibaro et al., 2002;
Sloves et al., 2012). As noted above, these parasites lack late endosomes and lysosomes
(the digestive vacuole of Plasmodium displays no lysosomal markers, and is likely an
independent invention). The rhoptries are mildly acidic, however, and display several
characteristics that suggest that they may be derived from secretory lysosomal granules
(Klinger et al., 2013; Ngô et al., 2004).
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Figure 11: Targeting and transport in the T. gondii secretory pathway (Adapted from Joiner et al.,
2002)
Secretory proteins traffic through the ER and Golgi on COPII and COPI-coated vesicles. The TGN
function as a protein-sorting platform; Targeting motif within the proteins, cytoplasmic coat proteins and
Rab-GTPases ensure accurate transport to their final destination. Dense granule (DG) constitutes the
default pathway for soluble secretory proteins. Targeting of soluble secretory proteins from the TGN to
DG is signal independent, whereas targeting of membrane proteins depends on transmembrane domain.
Rab6 mediates retrograde transport from DG to the Golgi apparatus. Rhoptry and micronemes proteins are
transported from the TGN to a precursor compartment (endosome-like compartment) prior targeting to the
mature secretory organelle. Rhoptry proteins are targeted in a tyrosine (YxxØ)-, dileucine (LL)-, and
adaptor-dependent fashion. Targeting of microneme proteins is regulated by a tyrosine motif (YxxØ) and a
stretch of acidic residues (EIEYE). Rab5A, Rab5B and SORTLR mediate transport from the TGN to the
rhoptries and micronemes. Most proteins destined to the PM are inserted to the PM via GPI-anchors. The
GPI-anchor signal appears to regulate trafficking from the TGN to the PM. Rab11A and Rab11B mediate
assembly of the IMC during endodyogeny. Ap, apicoplast; DG, dense granule; Mn, micronemes; E,
endosome; Rh, rhoptries; PM, plasma membrane; IMC, inner membrane complex; SORTLR, sortilin-like
receptor; TM, transmembrane.
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In Toxoplasma (as well as other apicomplexan), secretory proteins follow
classical secretory trafficking through the ER. Most secretory proteins encode a signal
peptide, and are translocated into the ER through the ER translocation machinery
similar to that of other eukaryotic cells (Tuteja, 2007). Forward transport from the ER to
the Golgi is mediated by COPII coats recruited by a motif in the cytoplasmic tail of
secretory proteins(Hoppe and Joiner, 2000). COPII vesicles bud from the anterior end of
the nuclear envelope/ER, which serves as an obligatory intermediate compartment
between the ER and the Golgi apparatus (Hager et al., 1999). COPI retrieval motifs have
also been shown to mediate retrograde transport to the ER (Liendo et al., 2001). The
trans Golgi network (TGN) appears to function as a protein-sorting platform and
additional information within the protein ensures its accurate packaging and targeting to
its final destination (Fig. 11).
While soluble secretory proteins are delivered to dense granules, which are
considered to be the default pathway for protein secretion, the targeting of proteins
destined for other organelles require specific sorting system (Reiss et al., 2001) (Striepen
et al., 1998; Striepen et al., 2001). Specific targeting motifs within micronemes and
rhoptry proteins have been implicated in vesicular transport and sorting to the respective
organelles (Fig. 11).
In the TGN, proteins destined for the micronemes are sorted using a tyrosinebased cytoplasmic motif (YxxØ where X is any residue and Ø a hydrophobic residue) (Di
Cristina et al., 2000). A second signal consisting of a stretch of acidic residues (EIEYE)
present in the cytoplasmic tail of the protein is also critical for targeting to the
micronemes (Di Cristina et al., 2000). Recent studies have established that microneme
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proteins traffic from the TGN to a precursor compartment (endosome-like compartment),
possibly part of the endosomal pathway (Hajj et al., 2008; Sloves et al., 2012). Similarly,
rhoptry proteins are pre-packaged as immature proteins at the TGN and transported in the
precursor compartment. Targeting of rhoptry proteins is regulated by a tyrosine signal
(YxxØ) and dileucine motif (LL) on the cytoplasmic tail of the proteins. These motifs
appear to be essential for recruitment of adaptor subunits and clathrin coats, which
mediate transport to the mature rhoptry (Hoppe and Joiner, 2000; Joiner and Roos, 2002;
Ngô et al., 2000; Shaw et al., 1998; Soldati et al., 1998). The plasma membrane of
apicomplexan parasites is predominantly populated by glycosyl-phosphatidylinositol
(GPI)-anchored proteins. The GPI-anchor signal appears to regulate packaging and
trafficking to the PM via DG secretion (Coppens et al., 1999; Karsten et al., 1998).
Signals and mechanisms responsible for trafficking to the IMC are still unknown, as only
few proteins are known to be targeted to this organelle (see above).
As in most eukaryotic cells, the targeting of vesicles to their destinations
compartment involves cross talk between coat proteins (Clathrin, COPI, COPII), small
regulatory Rab GTPases, and SNARE proteins that regulate vesicle-target fusion.
Phylogenetic analysis of apicomplexan Rabs suggests the presence of only 9 (Theileria,
Cryptosporidium, Babesia) to 11(Toxoplasma & Plasmodium) Rab GTPases (Kremer et
al., 2013). Most apicomplexan Rabs are highly conserved across the eukaryotic lineage,
and subcellular localization shows that Rabs 1B, 2 and 18 are associated with the early
secretory pathway, Rab 4 with the Golgi, and Rabs 5A/B/C and 7 with the late secretory
pathway. Rab6 mediates retrograde transport from post-Golgi dense granules to the
trans-Golgi network (Stedman, 2002). Only two (Rab1A and Rab11B) have been
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described as apicomplexan specific (Agop-Nersesian et al., 2010; Elias et al., 2009), and
neither displays convincing associate with parasite-specific organelles. Overexpression
screens has identified Rab5A, Rab5C, Rab11A and Rab11B as important regulators of
trafficking to the micronemes and rhoptries and the IMC, although it is difficult to
determine if these effects are direct of indirect (Agop-Nersesian et al., 2010; AgopNersesian et al., 2009; Kremer et al., 2013).
The role of SNARE proteins in the organization of the apicomplexan
endomembrane system has not been investigated yet. SNARE proteins have been
described as the central component driving membrane interaction and fusion in various
model systems (Jahn and Scheller, 2006). These proteins form distinct complexes
specific for various membrane-membrane interactions, providing specificity and identity
to the compartments involved. Characterization of this family of proteins in
apicomplexans may provide molecular insights into organellar biogenesis and the
maintenance of compartmentalization.

5. OUTSTANDING QUESTION ABOUT THE APICOMPLEXAN IMC
Over the last decade, we have learned a great deal about IMC organization,
function, cytoskeletal components, placing this fascinating organelle at the center of
parasite cell biology. However, several fundamental questions remain to be answered:
! Assembly of the IMC within the cytoplasm of the mother, at the onset of
cytokinesis, is essential for replication … but it is still unclear which compartment(s)
contribute to the formation of the flattened IMC vesicles.
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! The spatial and temporal organization of the IMC is critical for parasite
replication, but the molecular machinery regulating IMC biogenesis and disassembly
remain a mystery. For instance, the disassembly of the IMC is crucial for Plasmodium
merozoite differentiation into trophozoite stage and provides us with potential targets for
therapeutic intervention … yet we do not know the molecular players involved.
! The molecular composition of the cortical alveoli has not been defined. New
proteins are being identified, but the list is far from being exhaustive, and whether
apicomplexan alveolae has retained any storage function has yet to be addressed.
! As part of the endomembrane system, transport of proteins to the IMC likely
depend on specific motifs and vesicular transport machinery, but these signals have yet to
be identified.
! The juxtaposition of the IMC to the plasma membrane raises intriguing
questions about the ability of the parasite to perform conventional endocytosis and
exocytosis. How are the dense granules secreted across the IMC in Toxoplasma, for
example?

6. DISSERTATION SPECIFIC AIMS
Cell division in apicomplexan parasites is an unusual process in which daughter
cells are assembled within the mother, on a membrane-cytoskeletal scaffolding known as
the inner membrane complex (IMC). This peculiar organelle permits the partitioning of
organelles among developing daughter cells during cell division, while also playing a
central role in establishing and maintaining pellicle integrity, and enabling parasite
motility. The IMC is a patchwork of flattened-vesicles (cortical alveoli) associated with
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subpellicular cytoskeletal proteins. Ultrastructural studies on IMC cytoskeletal and
structural proteins have provided insight on the complex organization of the IMC but
little is known about the IMC alveoli. These vesicles certainly originate from the parasite
endomembrane system, but their exact origin and dynamic through replication remain
obscure. Where does the IMC come from, and how is its assembly and turnover
regulated? How does the IMC direct organelle assembly and interact with other
membranous compartments?
The first aim of this dissertation is to define the dynamics of the Inner Membrane
Complex during parasite replication. Many parasites, including Plasmodium, form
multiple daughters simultaneously, but Toxoplasma tachyzoites usually assemble only
two daughters at a time, making this a more convenient system for study. Exploiting
fluorescently tagged IMC markers, we have used live cell imaging, fluorescence
photobleaching-recovery, and mEos2 photoactivation to monitor the dynamics of IMC
biogenesis and turnover during Toxoplasma gondii tachyzoite replication, as described in
Chapter 2.
The precise timing of IMC assembly likely involves transport of vesicles and
coordinated membrane fusion. Proteins involved in membrane trafficking have been
studied extensively in many eukaryotic systems, and SNAREs invariably play a critical
role in regulating vesicular trafficking. Hypothesizing that SNARE proteins may provide
a molecular basis for exploring IMC assembly, the second aim of this dissertation is to
Characterize SNARE proteins involved in IMC biogenesis. A genome wide analysis of
Toxoplasma gondii and Plasmodium falciparum genome was conduct to define the
complete set of apicomplexan SNARE proteins. Phylogenetic reconstruction in
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combination and subcellular localization of several T.gondii putative SNAREs was used
to predict the function of apicomplexan SNARE, as described in Chapter 3.
Chapter 4 highlights what we have learned about the IMC and what more remains
to be discovered.
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CHAPTER 2. DYNAMICS OF THE TOXOPLASMA INNER MEMBRANE
COMPLEX
ABSTRACT
Unlike most cells, protozoa in the phylum Apicomplexa divide by a distinctive
process in which multiple daughters are assembled within the mother (schizogony,
endodyogeny), using scaffolding known as the Inner Membrane Complex. The ‘IMC’
underlies the plasma membrane during interphase, but new daughters develop in the
cytoplasm, as cytoskeletal filaments associate with flattened membrane cisternae
(alveolae), which elongate rapidly to encapsulate subcellular organelles. Newly
assembled daughters acquire their plasma membrane as they emerge from the mother,
leaving behind vestiges of the maternal cell. While the maternal plasma membrane
remains intact throughout this process, the maternal IMC disappears -- is it degraded, or
recycled to form the daughter IMC? Exploiting fluorescently tagged IMC markers, we
have used live cell imaging, fluorescence photobleaching-recovery, and mEos2 photoactivation to monitor the dynamics of IMC biogenesis and turnover during Toxoplasma
gondii tachyzoite replication. These studies reveal that formation of the T. gondii IMC
involves two distinct steps: de novo assembly during daughter IMC elongation within the
mother cell, followed by recycling of maternal IMC membranes after the emergence of
daughters from the mother cell.
Key words: Apicomplexan parasites, endodyogeny, schizogony, Inner Membrane
Complex, Toxoplasma gondii, Plasmodium, FRAP, photoactivation
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1. INTRODUCTION
The phylum Apicomplexa is comprised of thousands of obligate protozoan
parasites (Levine, 1970), including clinically-significant pathogens, such the Plasmodium
parasites responsible for malaria (Snow et al., 2005), and Toxoplasma gondii – a
ubiquitous human infection affecting ~30% of the world population (Pappas et al., 2009).
These parasites replicate rapidly in the tissues of susceptible individuals, and
pathogenesis is largely a consequence of uncontrolled proliferation (Tenter et al., 2000;
Weatherall et al., 2002).
Unlike most cell biological systems where replication has been studied in detail
(including bacteria and archaea, as well as animals, plants and fungi), apicomplexans do
not divide by binary fission. Rather, these parasites replicate using a distinctive mechanism in which multiple progeny are assembled within the mother (Hepler et al., 1966;
Senaud and Cerná, 1969; Sheffield and Melton, 1968). This unusual process is termed
schizogony when daughter nuclei are formed before membrane assembly, or
endopolygeny when daughter nuclei and membranes develop in parallel (Ferguson et al.,
2008). T. gondii tachyzoites exhibit a minimal form of endopolygeny, assembling only
two daughters within each mother (endodyogeny). These parasites are also readily
cultivated in vitro, making Toxoplasma a useful model system for exploring the biology
and mechanism of apicomplexan parasite replication.
Central to the process of apicomplexan replication is a membrane-cytoskeletal
scaffolding known as the Inner Membrane Complex (IMC) (Sheffield and Melton, 1968)
(Hu et al., 2002a). Flattened vesicles (cortical alveoli – the major morphological feature
unifying the superphylum Alveolata; (Adl et al., 2005; Moore et al., 2008) are positioned
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immediately beneath the plasma membrane, giving the appearance of a triple membrane
(Foussard et al., 1990; Vivier and Petitprez, 1969) sometimes called the parasite
‘pellicle’. The outer leaflet of the IMC anchors the actin-myosin motor complex required
for motility and invasion (Dobrowolski et al., 1997; Frénal et al., 2010; Menard, 2001),
while the cytoplasmic side is intimately associated with the subpellicular microtubules
and alveolins (intermediate filament-like proteins) that give the parasite its shape
(Anderson-White et al., 2011; Gould et al., 2008; Mann and Beckers, 2001; Morrissette et
al., 1997; Nichols and Chiappino, 1987). Disrupting IMC organization dramatically
alters pellicle integrity, cell shape and invasion competence (Khater, 2004; Stokkermans
et al., 1996; Tremp et al., 2008).
The IMC is also highly dynamic, and its spatial and temporal organization is
thought to be critical for parasite development and replication. At the onset of daughter
cell formation, new IMC complexes assemble within the cytoplasm and elongate rapidly,
coordinating the segregation of subcellular organelles according to a strict schedule
(Nishi et al., 2008). Newly assembled daughters, delimited by the IMC, ultimately
emerge from the mother cell, picking up the maternal plasma membrane and sloughing
off any residual maternal material (Sheffield and Melton, 1968). Many studies have
focused on cytoskeletal components of the IMC, and several apicomplexan-specific IMC
membrane proteins have been identified (Beck et al., 2010; Bullen et al., 2009; Fung et
al., 2012), but our knowledge of alveolar membrane function remains incomplete. Where
does the IMC come from, and how is its assembly and turnover regulated? How does the
IMC interact with other organelles during daughter parasite assembly? Exploiting a
fluorescently tagged integral membrane protein as a reporter, we have used live cell
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imaging and photobleaching recovery (FRAP) to monitor the dynamics of IMC
biogenesis and turnover during Toxoplasma gondii tachyzoite replication.

2. MATERIALS AND METHODS
2.1. CELL AND PARASITES
Human foreskin fibroblasts (HFF) were cultivated at 37˚C in a humidified atmosphere containing 5% CO2, as previously described (Roos et al., 1994), using 5:1 :: high
glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Life Technologies, Grand Island
NY, USA) : Medium 199 (Life Technologies), supplemented with 10% newborn calf
serum (NBS, Thermo Scientific, Waltham MA, USA) + 50 U/ml of penicillin, 50 µg/ml
streptomycin(Life Technologies), and 25 µg/ml gentamicin (Life Technologies). Prior to
inoculation with Toxoplasma gondii tachyzoites, this growth medium was replaced with
Minimal Essential Medium (MEM, Life Technologies) supplemented with 2 mM Glutamax (Life Technologies), 1% heat-inactivated fetal bovine serum (FBS, Thermo Scientific) and antibiotics (as above).
2.2. PLASMIDS
Allelic replacement plasmid pLicGAP40YFP-dhfrHXGPRT was engineered by
PCR amplification of 1358 bp spanning TgGAP40 (TgME49_249850; ToxoDB.org)
using the primers shown in Table 3, and integration into the Lic sequences in
pYFP.Lic.HXG (kindly provided by Dr. Vern Carruthers, Univ. Michigan (Huynh and
Carruthers, 2009)). Plasmid pLicIMC1mCherry-dhfrDHFR was engineered similarly,
using a 1950 bp fragment from the 3’ end of TgIMC1 (TgME49_231640), integrated into
pmCherry.Lic.DHFR. All plasmids were confirmed by restriction digestion and
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sequencing. After linearization with Kas I (for GAP40) or BsiW I (for IMC1), 15 x 106
freshly harvested RH∆Ku80∆HXGPRT strain T. gondii tachyzoites (Huynh and
Carruthers, 2009) were electroporated with 50 µg plasmid and selected in 25 µg/ml
mycophenolic acid + 50 µg/ml xanthine (GAP40), or 1 µM pyrimethamine (IMC1) (Roos
et al., 1994). Clonal plaques were isolated by limiting dilution and screened by fluorescent microscopy for transgene expression.
Plasmid ptubGAP40YFPHA-sagCAT was engineered by replacing the ACP
sequences in ptubACP-YFP-HA/sagCATsag (Nishi et al., 2008) with GAP40 (Bgl II Avr II). Plasmid ptubGAP40mEos2-sagCAT was engineered by replacing the YFP-HA
in ptubGAP40YFPHA-sagCAT with mEos2 amplified as an Avr II - Afl II fragment from
construct mEos-Vinculin (kindly provided by Michael Davidson, Florida State Univ.;
(Kanchanawong et al., 2010)). Parasites were transfected with 50 µg plasmid as above
and transient transfectants examined ~18 hr post-transfection.

Table 3: List of primers used in the study on IMC dynamic

F-Lic-GAP40

5'-TACTTCCAATCCAATTTAATGCAGCGTTCGCACAGTTCCTCTGC-3'

R-Lic-GAP40

5’-TCCTCCACTTCCAATTTTAGCGCTCGAATGGGCTTCGTCGTCAC-3'

F-Lic-IMC1

5’-TACTTCCAATCCAATTTAATCGTTGAGAAGGTAAGACAGGTGGCGC-3'

R-Lic-IMC1

5’-TCCTCCACTTCCAATTTTAGCGCACTGGCATCGGCACACACCATCAC-3'

F-BglII-GAP40 5’-AGATCTATGTCGACTCTTCAGGACATTCGC-3'
R-GAP40-AvrII 5’-CCTAGGGCTCGAATGGGCTTCGTCGTCACAA-3'
F-AvrII-mEos2 5’-CCTAGGATGAGTGCGATTAAGCCAGACATG-3'
R-mEos2-AflII

5’-CTTAAGTTATCGTCTGGCATTGTCAGGCAATCC-3'

* Lic sequences and restriction sites shown in italics; T. gondii genomic sequence are underlined.
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2.3. IMMUNOFLUORESCENCE MICROSCOPY
HFF cells were grown to confluence on 22 mm glass coverslips, infected with T.
gondii tachyzoites, and incubated at 37˚C for a further 18-24 hr. Coverslips were then
fixed 15-20 min (4% formaldehyde + 0.05% glutaraldehyde in PBS), permeabilized 15
min (0.25% TritonX-100 in PBS), and blocked 1 hr at room temperature in 3% bovine
serum albumin fraction V + 0.25% TritonX-100. After 1 hr incubation with murine
monoclonal anti-SAG1 (1:400 in blocking solution; kindly provided by Lloyd Kasper,
Dartmouth College; (Mineo et al., 1993)) or anti-IMC1 (1:2000, kindly provided by Gary
Ward, Univ Vermont (Mann and Beckers, 2001; Wichroski et al., 2002)) coverslips were
washed 3X with 0.25% Triton X-100 in PBS and stained 1 hr in Alexa Fluor 594-conjugated goat anti-mouse antibody (1:5000; Life Technologies). For DNA labeling, samples
were further incubated 10 min with 4',6-diamidino-2-phenylindole dihydrochloride
(DAPI, EMD Millipore, Billerica MA, USA) at a final concentration of 0.5 µg/µl in PBS,
washed twice with 0.25% Triton X-100, once with PBS, and mounted on glass slides in
Fluoromount-G (Southern Biotech, Birmingham AL, USA).
Imaging was performed on an Olympus IX70 inverted microscope equipped with
a UPlanSApo 100X oil immersion objective (NA 1.4), 300W xenon arc lamp, appropriate
barrier/emission filters, and a CoolSNAP HQ monochrome cooled-CCD camera. Image
stacks were captured using DeltaVision softWorx software (Applied Precision, Issaquah
WA, USA), and deconvolved using the constrained iterative algorithm, to minimize the
effects of out-of-focus fluorescence. Images were further analyzed using open source Fiji
software (http://fiji.sc/Fiji) (Schindelin et al., 2012).
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2.4. TIME-LAPSE MICROSCOPY
Confluent HFF cell monolayers were cultivated in 35 mm glass-bottom dishes
(Ibidi, Verona WI, USA), infected with T. gondii tachyzoites at a multiplicity of infection
(MOI) of ~2:1 (in DMEM lacking phenol red (Life Technologies), and supplemented
with 1% FBS, 1 mM sodium pyruvate, 2 mM glutamine, 100 U/ml of penicillin, 100
µg/ml streptomycin and 50 µg/ml gentamicin), and incubated 12-16 hrs at 37˚C. Prior to
imaging, cultures were rinsed with warm PBS lacking divalent cations (to remove
extracellular parasites), and incubated in fresh phenol red-free DMEM (as above),
supplemented with 10% FBS (to minimize laser phototoxicity) and 25 mM HEPES pH 7.
Samples were then transferred to a Chamlide TC stage-top environmental chamber (Live
Cell Instruments, Guelph ON, Canada) equipped with a digital temperature, CO2 and
humidity control unit, and equilibrated ~ 2 hrs before data acquisition.
Time-lapse imaging was performed on an Olympus IX-71 spinning disk confocal
microscope equipped with a UPlanSApo 100X oil immersion objective (NA 1.4), CSU10 scanner (Yokogawa, Newnan GA, USA), and C9100-13 EMCCD camera (Hamamatsu, Bridgewater NJ, USA). 5 µm image stacks (26 planes x 0.2 µm steps) were
acquired at 488 and 561 nm (1% laser power) every 15 or 30 min, using MetaMorph
7.7.4 (Molecular Devices, Downingtown PA, USA), and processed using MetaMorph
and Fiji software. Some images were contrast enhanced for figure presentation, but all
quantitative measurements were carried out using unprocessed data.
For quantification of IMC development (Figs. 13), 9-12 time-lapse image stacks
(26 planes, as above) were collected over a continuous 9 hr session for each of 15
vacuoles in 8 fields. At each time point (for each parasitophorous vacuole) the central
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image plane was selected from the stack, and Fiji software was used to collect perimeter
length and total fluorescence (after background subtraction) for all maternal, daughter,
and/or grand-daughter IMCs, based on manually drawn lines representing all distinctly
resolvable IMC structures.
Individual time-lapse series were aligned based on the estimated time of daughter
parasite initiation (‘Offset’ column in Appendix 2). Offset values can be reliably
estimated to <15 min resolution, as confirmed by the closely coincident timing of
daughter parasite emergence at ~195-210’, grand-daughter IMC initiation at 600-615’
etc. Multiple vacuoles representing all stages of replication were analyzed, from
interphase ‘mother’ parasites shortly after invasion, through the formation of daughter
parasites (2 per vacuole) and grand-daughters (4 per vacuole). IMC fluorescence was
calculated by a sliding window analysis, pooling samples within hourly windows (e.g.
initiation t = 0 ± 30 min), and presented as mean fluorescence ± standard deviation (n =
6-24; see Table S1 for sample sizes).
2.5. FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING
Photobleaching was performed on the same Olympus IX-71 spinning disk
confocal microscope described above, using a MicroPoint Galvo ablation system (Andor
Technology, South Windsor CT, USA), consisting of a nitrogen-pumped dye laser
(Coumarin 440 dye, wavelength 435 nm). Image stacks were processed using
MetaMorph 7 (Molecular Devices). Quantitation of GAP40-YFP fluorescence (from
individual time series presented was carried out using Fiji software as described above,
except that cytoplasmic GAP40 fluorescence intensity was collected for emerging /
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maturing daughter parasites, in addition to the fluorescence intensity of the maternal and
daughter IMC.
2.6. PHOTOACTIVATION
For photoactivation studies, T. gondii tachyzoites were transiently transfected
with ptubGAP40mEos2-sagCAT, inoculated into HFF cell cultures grown in glassbottom dishes as described above, and incubated 12-16 hr at 37°C. Samples were then
transferred to an OKOLab stage-top environmental chamber (Warner Instruments,
Hamden CT, USA) equipped with a digital temperature and humidity control unit as well
as a manual gas controller unit, and equilibrated ~ 2 hrs before data acquisition.
Photoactivation was performed using an Olympus IX-81 spinning disk confocal
microscope, equipped with an UPlanSApo 100X oil immersion objective (NA 1.4), CSU10 scanner (Yokogawa), and iXon3 897 EMCCD camera (Andor Technology) and the
iLas2 system (Roper Scientific, Paris, France) that employs a 50 mW diode-pumped
crystal laser (CrystaLaser model DL405-050-O, wavelength of 405 nm).
Due to the spontaneous photobleaching properties of mEos2, only single images
were acquired (no stacks) at 488 and 561 nm (5-25% laser power), at only selected time
points, using MetaMorph 7.7 (Molecular Devices). Some images were contrast enhanced
for figure presentation, but all quantitative measurements were carried out using
unprocessed data.
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3. RESULTS
3.1. GAP40 PERMITS VISUALIZATION OF IMC MEMBRANE DYNAMICS DURING
PARASITE REPLICATION

Previous studies on the replication of apicomplexan parasites have defined the
IMC as a valuable morphological marker for tracking the cell cycle, including the
assembly of daughter parasites (Hu et al., 2002a; Nishi et al., 2008). These studies
focused on alveolins, such as the IMC1 protein: intermediate filaments-like molecules
associated with the inner face of the IMC. In order to understand IMC membrane
dynamics, we have employed GAP40, an integral IMC protein with nine predicted
transmembrane domains, and a component of the glideosome protein complex
responsible for parasite motility (Frénal et al., 2010). The Ku80 system (Huynh and
Carruthers, 2009) was used to engineer allelic replacements expressing GAP40-YFP at
the endogenous locus in RH-strain of T. gondii parasites.
GAP40-YFP localizes uniformly throughout the parasite pellicle, including the
apical and basal ends, as illustrated in Fig. 12 (see Appendix 1 for time-lapse imaging of
living parasites). This contrasts with the localization of IMC1 in several significant
ways. First GAP40 labels the full length of the IMC, while IMC1 is excluded from the
apical and basal ends (cf. Fig. 12A, merged). Second, GAP40 associates with developing
daughter parasites earlier during the replicative cycle than IMC1 (cf. Fig. 12Ai-ii). Third,
maternal GAP40 remains clearly visible throughout the process of daughter parasite
emergence from the mother, in contrast to IMC1, which can be difficult to visualize,
particularly at late stages (cf. Fig. 12Avi and Appendix 1).
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Figure 12:Staging the IMC cycle in Toxoplasma gondii
Colocalization of the integral membrane protein GAP40 (green) with the cytoskeletal alveolin IMC1
(Panel A, red) and the plasma membrane protein SAG1 (Panel B, red), at various stages throughout the T.
gondii replicative cycle. Selected images from fixed specimens, approximately corresponding to times t=0
(i), 45’ (ii), 120’ (iii), 180’ (iv), 200’ (v), 225’ (vi), 360’ (vii). Arrows (column ii) indicate initiation of
GAP40 assembly prior to IMC1; arrowheads (columns vi, vii) show that maternal GAP40 disappears from
the residual body during maturation. (Note: fixed samples provide better resolution and enable
colocalization with SAG1; see Fig Appendix1 for time-lapse imaging of GAP40 & IMC1 in living cells.)
Panel C, cartoon illustrating relative location of IMC (green) and the parasite plasma membrane (black),
and various stages defined in the text: Initiation, Elongation, Emergence, Maturation (cartoons and color
coding are maintained throughout all figures). Scale bars = 5 µm.
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We have used GAP40 morphology to define distinct stages in IMC development,
as shown by colored lettering in Figs. 12 and 13, and in cartoon form in Fig. 12C. The
precise timing of these stages can be examined by live cell imaging, as shown in Figs.
13A. Only maternal IMC is visible during interphase, i.e. prior to the initiation of
daughter cell assembly, centrosome duplication, Golgi and apicoplast elongation and
partitioning.
• Initiation of daughter IMC assembly (defined as t = 0 throughout this report, and
labeled in blue) occurs just apical to the maternal nucleus, adjacent to the Golgi
apparatus (Fig. 14). As noted above, GAP40 associates with the developing daughter
scaffold before the appearance of IMC1.
• Daughter Elongation (aqua) proceeds basally over the subsequent 3 hours, and is
defined by growth of the IMC membrane (GAP40) and cytoskeleton (IMC1). During
elongation, maternal organelles are partitioned between daughter parasites,
progressively incorporating the centrosome, Golgi, apicoplast, and nucleus (with
associated endoplasmic reticulum) (Nishi et al., 2008).
• Emergence of daughter parasites (magenta) occurs by budding from the mother cell
~180-210 min after initiation, providing daughters with their plasma membrane, as
indicated by colocalization with the parasite surface antigen SAG1 (Fig. 12B & C).
• Daughter parasites continue to grow and mature for ~2 hr after emergence from the
mother (Maturation, red). Daughters remain connected by a narrow cytoplasmic
bridge, which is ultimately lost as maternal material is degraded, recycled, or left
behind in the residual body.
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Figure 13: Time-lapse imaging and quantitative dynamics of GAP40
Panel A, time-lapse imaging of GAP40-YFP transgenic parasites (C-terminally tagged at the endogenous
genomic locus). Scale bar = 5 µm; see Movie M1 for additional images. Panel B, quantification of GAP40
fluorescence in maternal, daughter, and grand-daughter parasites (dashed, solid and dotted lines,
respectively), determined from 14 sets of time-lapse images aligned according to the estimated time of
daughter parasite initiation. Sliding window analysis of 1 hr bins is presented as mean ± s.d. (n = 6-24
samples; see Appendix 2). Color-coding indicates IMC initiation (blue), elongation (aqua), emergence
(magenta), and maturation (red); gray indicates interphase parasites, and purple IMC degradation.
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Quantitative analysis of GAP40-YFP fluorescence from multiple parasites over
time (Fig. 13B, see also Appendix 2) demonstrates that this process is highly regular in
parasites dividing with normal kinetics. The total fluorescence of developing daughters
increases linearly over time, from the earliest stages of initiation, through elongation and
even after emergence from the mother cell, during the final stages of maturation. At ~5
hr after initiation (2 hr after emergence), fluorescence intensity reaches a plateau, which
is maintained until the beginning of a new replicative cycle.
3.2. DAUGHTER IMCS ARE ASSEMBLED DE NOVO DURING ELONGATION
Morphological studies provide useful markers for the parasite cell cycle but reveal
little about the origin of the IMC. As a patchwork of flattened vesicles (Dubremetz and
Torpier, 1978; Morrissette et al., 1997; Torpier et al., 1991), it is likely that the IMC is
derived from the Golgi (Agop-Nersesian et al., 2010). While GAP40 assembly begins
very close to the Golgi apparatus, it does not precisely colocalize (Fig. 14, especially
insets at t = 0 & 60'). Treatment with Brefeldin A blocks daughter parasite formation
(DeRocher et al., 2005) (and additional data not shown), although it is difficult to be
certain that this is a direct effect on IMC elongation. In order to examine the dynamics of
IMC assembly, we tracked parasite replication and GAP40 fluorescence after selectively
bleaching either the maternal or daughter IMC. As shown in Fig. 15A, daughter parasite
fluorescence appears and elongates with normal kinetics even after the maternal IMC is
completely bleached, indicating that the IMC must be synthesized de novo (see cartoon in
Fig. 15B). No fluorescence recovery was observed in the maternal IMC, indicating that
newly synthesized GAP40 is added to daughter IMC scaffolds only.
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Figure 14: IMC vesicle assembly initiates in close proximity to the Golgi apparatus vesicle
Time-lapse colocalization of a transiently expressed IMC marker GAP40-YFP (green) in transgenic
parasites expressing the Golgi marker GRASP-mRFP (red). IMC assembly initiates in a region close to
(but distinct from) the Golgi (insets at t=0’, 60’, 300’). Scale bar = 5 µm. See Movie M2 for additional
images.

GAP40 is unable to diffuse in mature parasites, as no recovery was observed after
bleaching only a portion of the maternal IMC (Fig. 15C). In order to assess the ability of
membrane proteins to diffuse throughout the process of IMC assembly, we bleached the
daughter IMC at various stages during elongation, and monitored fluorescence recovery,
as shown in Fig. 16.
Daughter IMCs bleached early during elongation (Fig. 16A) recover rapidly,
becoming uniformly fluorescent over their entire length, suggesting that newlysynthesized IMC is added throughout the entire daughter IMC, or able to diffuse within
the plane of the membrane, or both. Bleaching a portion of the daughter IMC slightly
later during the process of elongation results in partial fluorescence recovery only (Fig.
16B). Comparing images from 170' vs 160' shows a slight decline in apical fluorescence,
concomitant with fluorescence recovery, but the apical end remains more brightly
stained, indicating that diffusion is limited. These data imply that GAP40 is highly
mobile at early stages of elongation, but mobility declines over time.
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Figure 15: The daughter IMC is assembled de novo
Laser photobleaching of the maternal IMC (Panel A) has no impact on daughter IMC initiation or
elongation, indicating that the daughter IMC is synthesized de novo, and newly synthesized GAP40 is not
added to the maternal IMC (Panel B). See Movie M3 for additional images. Photobleaching only part of
the maternal IMC (Panel C) also suggests that GAP40 is unable to diffuse in mature parasites. Scale bars =
5 µm.
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Figure 16: GAP40 redistribution declines during daughter elongation
GAP40 fluorescence in daughter parasites recovers rapidly at early stages of elongation, due to a
combination de novo synthesis and diffusion (Panel A), but fluorescence is unable to fully redistribute
when bleaching is applied after ~150’ post-initiation (Panel B). Scale bars = 5 µm.
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To further investigate the possibility of diffusion within the daughter IMC, we
transiently expressed GAP40 fused to monomeric Eos2 (mEos2) (McKinney et al., 2009)
(Baker et al., 2010), a photoconvertible fluorescent reporter that undergoes a
conformational change when excited at 405 nm, resulting in a shift from green to red
fluorescence. Photoactivation caused a portion of GAP40-mEos2 to fluoresce red (Fig.
17A & B, red), which can then be followed by time-lapse microscopy, analogous to a
pulse-chase experiment. During the process of elongation, both red and residual green
fluorescence remained essentially constant in maternal parasites, as no additional GAP40
is added to the maternal IMC, and maternal GAP40 does not redistribute to daughter
parasites (consistent with Fig. 15). Green fluorescence increased in daughter parasites,
due to the addition of new material (see above, e.g. Fig. 13). Total red fluorescence in
daughter parasites remained constant, but fluorescence intensity per unit of IMC
membrane decreased with daughter parasite elongation (180' time points, and Fig. 17C),
confirming diffusion of GAP40 within the developing daughter IMC membrane.
3.3. MATERNAL IMC IS NOT LEFT BEHIND IN THE RESIDUAL BODY, BUT INTERNALIZED
AND INCORPORATED INTO THE DAUGHTER PARASITES DURING MATURATION

As daughter parasites emerge, unsegregated maternal material is sloughed off in
the ‘residual body’ (Sheffield and Melton, 1968). In contrast to the plasma membrane,
however, maternal GAP40 does not remain in the residual body (Figs. 12C & 18, column
vii). The disappearance of maternal IMC from the residual body coincides with an
accumulation of GAP40 in the endosome-like compartment of emerging / maturing
daughter cells (Fig. 18, column vi; also visible in Fig. 12Avi & 1Bvi, Fig. 19, column v,
and Fig. 13 [213-288']).
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Figure 17: Photoactivation of GAP40-mEos2 supports diffusion within the elongating IMC
Exposure of transiently-expressed GAP40-mEos2 with violet light at various times after initiation (Panels
A & B) converts a portion of this reporter to a red fluorescent protein. Red fluorescence remains uniform
even during elongation (arrowheads), suggesting diffusion within the IMC. Panel C, cartoon illustrating
diffusion of red fluorescence (shows red channel only after photoactivation). Scale bars = 5 µm.
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To determine whether this cytoplasmic pool is actually derived from maternal
GAP40, we bleached the maternal IMC in dividing cells, and monitored cytoplasmic
accumulation of GAP40 after daughter parasite emergence (Fig. 20). As daughter cells
progress through maturation, a cytoplasmic pool of GAP40 briefly accumulates in the
cytoplasm of daughters from control (unbleached) mothers, but not in the bleached
mothers (cf. 383' images in Fig. 20A). Moreover, while the intensity of daughter
parasites was independent of maternal IMC bleaching during elongation (cf. 255'; also
Fig. 15), daughter parasites emerging from bleached mothers became progressively
dimmer during maturation (cf. 488').
Quantification confirms that the fluorescence of daughter parasites from
bleached-mothers increases throughout elongation, at an approximately linear rate
comparable to that of daughters from control (unbleached) mothers (aqua lines in Fig.
20B). However, during maturation (red), the fluorescence of daughters from unbleached
controls continued to rise (solid symbols), while that of daughter cells from bleached
mothers reached a plateau (open symbols).
Figure 18: GAP40 is lost from the residual body, and appears in the Golgi region during daughter
parasite emergence / maturation.
Colocalization of the IMC protein GAP40 (green) and plasma membrane protein SAG1 (red) at various
stages throughout the T. gondii replicative cycle. Selected images from fixed specimens, approximately
corresponding to times t=0 (i), 30’ (ii), 150’ (iii), 190’ (iv), 200’ (v), 225’ (vi), 360’ (vii). Arrows indicate
the appearance of GAP40 in the Golgi region of daughter parasites shortly after emergence from the mother
(column vi); arrowheads (vi & vii) indicate the residual body. Panel B, cartoon illustrating relative location
of IMC (green) and the parasite plasma membrane (red); arrows in emerging parasites suggest recycling of
IMC from the maternal residual body to the daughter IMC. Scale bar = 5 µm.
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vii!

Internal fluorescence arose only in daughters emerging from unbleached mothers
(gray vs. yellow lines). The appearance and disappearance of this material coincides
precisely with the disappearance of maternal IMC from the residual body, and the
cessation of GAP40 addition due to de novo synthesis. These observations strongly
support the hypothesis that maternal GAP40 is internalized during maturation and
recycled into daughter IMCs, as diagrammed in Fig. 20C. The replicative cycle of RH
strain T. gondii is typically ~7 hr, as reported previously (Behnke et al., 2010; Fichera et
al., 1995; Nishi et al., 2008), but we observed some variability from specimen to
specimen, due to subtle differences in environmental conditions, and/or mild
phototoxicity during laser photobleaching (parasites that ceased to divide due to more
severe phototoxicity were excluded from analysis). Although atypical, more slowly
replicating parasites provide increased time resolution of IMC elongation, maturation and
recycling (Fig. 20B left) … and were quantitatively indistinguishable from results
obtained in parasites replicating with normal kinetics (Fig. 20B right).
The GAP40-mEos2 fusion protein was used to further investigate the apparent
recycling of maternal IMC during maturation (Fig. 21). As noted previously (Fig. 17),
while elongating daughters become increasingly green due to the addition of newly
synthesized material, red fluorescence becomes increasingly difficult to discern as a fixed
amount of photoactivated GAP40 diffuses throughout the growing daughter IMC (cf. Fig.
21A, 135'). By ~2 hr post-activation, the red fluorescence of daughter IMCs had declined
to background levels (arrows in 170' images).
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Figure 19: GAP40 is lost from the residual body, and appears in the endosome-like compartment
during daughter parasite emergence / maturation.
Colocalization of the integral membrane protein GAP40 (green) with the endosome like compartment
markers VP1 (Panel A, red) and ProMIC2AP (Panel B, red), at various stages throughout the T. gondii
replicative cycle. . Arrows (column v) indicate the appearance of GAP40 in the ELC of daughter parasites
shortly after emergence from the mother. Scale bar = 5 µm.
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Figure 20: Maternal IMC is recycled into developing daughters after emergence
Panel A, the entire IMC of one parasite was photobleached (yellow), while its sister was not (providing an
internal control). Time-lapse imaging reveals comparable fluorescence of the daughter IMCs elongating
within bleached vs unbleached mothers, but after emergence (308’), daughters maturing from the
unbleached mother are brighter than those from the bleached mother. During the maturation phase,
cytoplasmic fluorescence is evident in daughters from the unbleached control parent (filled arrowhead), but
not the bleached parent (open arrowhead); Panel B, quantitation of IMC fluorescence in daughters from
unbleached control parasites (solid symbols) vs. bleached parasites (open symbols). Panels are based on
independent experiments, corresponding to images in Fig. 20A (left) and Fig. 15A (right). Coloring
indicates IMC initiation (blue dot), elongation (aqua), emergence (magenta) and maturation (red). Note
that fluorescence is comparable in daughters emerging from bleached vs. unbleached mothers through the
elongation stage, but diverges after emergence, as daughters maturing from unbleached controls remain
bright, while those from bleached mothers continue to grow without accumulating additional fluorescence.
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Transient cytoplasmic fluorescence is observed in daughters maturing from unbleached controls (gray), but
not bleached mothers (yellow). Filled and open diamonds indicate the fluorescence of parental parasites
before bleaching. Panel C, cartoon indicating de novo synthesis of the IMC during elongation, and salvage
of maternal IMC during maturation. Scale bar = 5 µm.

As parasites begin to emerge (200'), green fluorescence was observed in both
daughter parasites, but no red GAP40 was visible (arrows). At this stage, maternal
morphology is lost, as material not incorporated into the developing daughters –
including the IMC (red) – is sloughed off in the form of the residual body (arrowheads).
Over the subsequent 1-2 hours (cf. 260'), maternal IMC is gradually lost from the
residual body (arrowheads), in parallel with transient internalization of GAP40 into the
maturing daughter cytoplasm (stars), and appearance of (red, maternal) GAP40 in the
mature daughter IMC (arrows). Recycled maternal IMC appears throughout mature
daughter parasites (390'), suggesting random insertion into the daughter IMC.

4. DISCUSSION
Apicomplexan parasites replicate by a highly unusual process, assembling
daughter cells within the mother using a membrane-cytoskeletal structure known as the
Inner Membrane Complex (IMC). In addition to providing a scaffold for daughter cell
assembly and maintenance of parasite shape (Khater, 2004; Sheffield and Melton, 1968;
Tremp et al., 2008), the mature IMC also serves to anchor molecular complexes
associated with parasite motility, host cell attachment, and invasion (Gaskins et al., 2004;
Keeley and Soldati, 2004).
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Figure 21: Photoactivation confirms recycling of maternal GAP40 into daughters during maturation
Panel A, Activating GAP40-mEos2 at the onset of daughter formation (lightning bolt) converts a portion of
GAP40 from green to red (35’). The small amount of red IMC in daughter parasites diffuses throughout
the developing daughter IMC (135’) and is rapidly diluted by newly synthesized (green) GAP40 (170’).
Maternal IMC is sloughed off in the residual body (arrowheads; 200'), from which it enters into the
daughter cytoplasm (stars; 260’) en route to the daughter IMC (arrows). Scale bar = 5 µm. Panel B,
cartoon illustrating diffusion of red fluorescence (shows red channel only after photoactivation).
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By analogy with the alveolae of ciliates and dinoflagellates, the IMC may also
play (as yet undefined) roles in storage and/or homeostasis. Most previous studies on
apicomplexan replication have focused on the IMC cytoskeleton (Anderson-White et al.,
2011; Anderson-White et al., 2012; Dearnley et al., 2012; Hu et al., 2002a), but we know
little of how the patchwork of flattened vesicles that comprises the IMC membrane is
assembled (Torpier et al., 1991).
In order to directly examine IMC membrane assembly, we used the integral IMC
membrane protein GAP40 (Frénal et al., 2010) to define four distinct developmental
stages: initiation, elongation, emergence and maturation (Figs. 12, 13, 18). Careful
analysis by time-lapse video-microscopy, in combination with photobleaching (Figs. 15,
16 & 20) and photoactivation (Figs. 15 & 21), reveal that the IMC of T. gondii
tachyzoites is assembled in two distinct phases: elongation involves de novo synthesis
(Fig. 15), while post-emergence maturation involves salvage and recycling of the
maternal IMC (Figs. 20 & 21). Using modern imaging and analysis techniques, it is
possible to quantitatively track the timing of these processes in great detail (cf. Figs. 13B
& 20B). The resulting time course for tachyzoite development (Appendix 3) is
remarkably consistent with previous studies (Behnke et al., 2010; Fichera et al., 1995;
Nishi et al., 2008), but highlights the entire ~11.5 hr cycle from daughter parasite
initiation through IMC degeneration and recycling, rather than merely the ~7 hr between
the physical emergence of daughter parasites and emergence of the next generation (Nishi
et al., 2008).
The assembly of daughter parasites is a highly polarized process (Nishi et al.,
2008). The conoid (an atypical microtubule complex; (Morrissette et al., 1997) (Hu et
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al., 2006)) is established soon after centrosome separation, adjacent to the Golgi in the
apical juxtanuclear region (Hu et al., 2006; Nishi et al., 2008). IMC development
initiates in the Golgi region as well (Fig. 14), and microtubule and IMC elongation
proceed basally, sequentially incorporating maternal organelles (Appendix 3), as previous
described (Nishi et al., 2008; Sheffield and Melton, 1968).
Bleaching of the maternal IMC prior to daughter assembly demonstrates that
initiation and elongation occurs almost entirely though de novo synthesis. While
bleached maternal IMC fails to recover, daughter parasites become brightly fluorescent
(Fig. 15A) – comparable to the fluorescence of daughters from unbleached mothers (Fig.
20B). This observation supports previous reports that the maternal IMC in dividing T.
gondii tachyzoites remains intact from the very earliest stages of daughter assembly
through to the emergence of daughters from the mother cell (Dubey et al., 1998; Hu et al.,
2002a; Sheffield and Melton, 1968). It is however inconsistent with early ultrastructural
studies suggesting that the daughter IMC originates as an outgrowth of the maternal IMC
(Vivier and Petitprez, 1969) (but see below for further discussion).
Photobleaching and photoconversion studies show that GAP40 is added to the
entire daughter IMC uniformly, throughout the process of assembly (Figs. 15, 16 & 21).
Thus, the IMC appears to grow via expansion, in contrast to the processive assembly of
subpellicular microtubules (Hu et al., 2002b). FRAP also reveals that GAP40 can diffuse
within the daughter IMC during the first ~2 hr of assembly (Figs, 16A & 17), but
becomes increasingly immobile during elongation (Fig. 16B), and essentially fixed upon
emergence (and in mature parasites; Fig. 15C). This contrasts with IMC1, which FRAP
studies have shown is continuously remodeled during elongation (Hu et al., 2002a).
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Cytoskeletal proteins (including tubulin and IMC1) become associated with the IMC
during elongation; it is possible that GAP40 becomes immobilized as a consequence of
association with the cytoskeleton, lipid rafts, and assembly of the glideosome complex
(Johnson et al., 2007).
New parasites ultimately emerge by budding out of the mother, clothing
developing daughter IMCs in the maternal plasma membrane, and leaving any remaining
maternal material behind in the ‘residual body’ (Fig. 18). In Plasmodium parasites, the
residual body includes the polymerized heme (hemozoin) residue of hemoglobin
digestion. Previous studies on Toxoplasma have revealed that the mitochondrion is
incorporated into developing daughters very late during development, and that rhoptries
and micronemes continue to form during and after emergence. We now report that the
daughter IMC membrane also continues to expand after emergence, through salvage of
the maternal IMC. Photobleaching studies clearly demonstrate that daughter IMC growth
prior to emergence is independent of the mother, but growth after emergence is almost
entirely attributable to salvage of the maternal IMC (Fig. 20). We have termed this
newly-appreciate phase of the parasite developmental cycle ‘maturation’.
As noted above, a previous ultrastructural study (Vivier and Petitprez, 1969) suggested that daughter IMCs may derive from the mother, but argued for an early maternal
contribution. On the basis of live cell imaging, we demonstrate that the daughter IMC is
indeed derived from salvaged maternal components, but that this recycling occurs only
late during the parasite replicative cycle. All detectable early synthesis (prior to emergence from the mother) occurs via de novo synthesis. Upon emergence, all of the (photoactivated) maternal IMC is in the residual body; none is in the developing daughters (Fig.
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21, 260’). During maturation, however, the maternal IMC disappears from the residual
body and is incorporated throughout both daughter IMCs (Fig. 21, 390’), trafficking via
the Golgi region.
Toxoplasma tachyzoites divide by endodyogeny, making recycling highly
efficient. Other life cycle stages (and many other apicomplexan parasites) produce
multiple daughters by endopolygeny or schizogony, in which nuclei divide prior to the
IMC (Ferguson et al., 2008). Whether the IMC is recycled during emergence and
maturation of these parasites is unknown, but production of multiple daughters certainly
diminishes the potential savings from recycling, as the production of 16 daughters
(typical of P. falciparum intraerythrocytic replication) necessitates producing at least 15
new IMC equivalents.
The nature of specific compartment(s) and trafficking pathways involved in IMC
formation and recycling remains obscure, in large part due to the lack of adequate molecular markers. Dominant negative Rab11A and 11B proteins disrupt assembly of the
glideosome complex and IMC biogenesis, and perturb vesicular trafficking, organellar
segregation and cytokinesis, although the causal relationships between these effects is
unclear (Agop-Nersesian et al., 2009; Agop-Nersesian et al., 2010). As additional
markers are defined, it will be interesting to further explore IMC biogenesis and
recycling, including the relationship of these processes to other membrane trafficking
pathways (including dense granule secretion, and endocytosis). The rapid degradation of
the maternal IMC during maturation in Toxoplasma may also provide insights into the
rapid IMC degradation observed as Plasmodium merozoites differentiate into ring stage
parasites within the infected erythrocyte (Bannister et al., 2000; Hepler et al., 1966).
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Given the importance of the IMC in parasite structural organization and motility, and the
fact that apicomplexan parasite pathogenesis is a direct consequence of rapid
proliferation, better understanding of the IMC may also yield new therapeutic strategies.
The availability of good markers for both the cytoskeletal and membrane components of
the IMC (Fig. 12), and the high degree of time resolution with which the parasite cell
cycle can be defined (Fig. 13B & Fig. 14) provide useful tools for small molecule
screening.
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CHAPTER 3. PREDICTING THE DISTRIBUTION, CONSERVATION
AND FUNCTION OF TOXOPLASMA GONDII SNARES
ABSTRACT
Apicomplexan parasites are highly polarized eukaryotic cells harboring a sophisticated endomembrane system that include an endoplasmic reticulum, a single Golgi
apparatus, an unusual set of secretory organelles (rhoptries, micronemes, dense granules)
and a patchwork of flattened Golgi-derived vesicles (IMC) underlying the parasite
plasma membrane. While the secretory organelles contain proteins involved in parasite
motility, adhesion to the host cell, invasion and establishment of a suitable niche for
parasite survival, the IMC is essential for the partitioning of cytoplasmic organelles
between progenies during parasite replication. Assembly of fully functional organelles
is, therefore, critical for survival and propagation of these obligate intracellular parasites.
As in most eukaryotic cells, the transport of cargo loaded vesicles and membrane fusion
events along the secretory pathway must rely on SNAREs (soluble N-ethylmaleimidesensitive factor adaptor proteins receptors). SNARE proteins localize in distinct subcellular compartments and are key regulators of the vesicular trafficking machinery, but
they function in the distinctive organization of the endomembrane systems in
apicomplexan parasites have not been characterized yet. To define the role of SNARE
family in trafficking, compartmentalization, and organelle biogenesis in apicomplexan, a
genome analysis of the predicted proteome of Toxoplasma gondii and Plasmodium
falciparum was conducted to identify the complete set of SNAREs. T.gondii and
P.falciparum are predicted to encode respectively twenty-five and twenty-four SNAREs
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that co-segregate into conventional R-, Qa-, Qb- and Qc-SNARE subclasses.
Phylogenetic reconstruction including fungi and human SNAREs permitted to identify
clear orthologs of SNAREs involved in the early secretory pathway and reveals
distinctive apicomplexan SNAREs. Subcellular localization of several T.gondii putative
SNAREs shows different distribution patterns including parasite plasma membrane,
rhoptries, endosome-like compartment as well as the ER and Golgi apparatus. This study
highlights the divergence of the late secretory pathway in apicomplexan and provides a
set of SNAREs likely to participate in parasite distinctive function.
Key words: SNAREs, Vesicular trafficking, Apicomplexan, Toxoplasma,
Plasmodium

76

1. INTRODUCTION
Apicomplexan parasites, including Toxoplasma gondii and Plasmodium sp. (and
many thousands of other species), display a sophisticated endomembrane system,
comprised of:
• the endoplasmic reticulum, located primarily in the basal end of the parasite;
• a nuclear envelope, which is continuous with the ER, and whose apical end may
function as an ER-Golgi intermediate compartment (ERGIC);
• a single Golgi apparatus, invariably located immediately adjacent to the apical end of
the nucleus;
• several distinctive secretory organelles: dense granules, micronemes, rhoptries;
• The inner membrane complex (IMC), a patchwork of flattened Golgi-derived vesicles
associated with cytoskeletal fibers underlying the plasma membrane.
• The apical end of these parasites is densely-populated with organelles, and several
intermediate vesicles and compartments associated with trafficking to the rhoptries and
micronemes have been proposed by various groups (DeRocher et al., 2000; Hoppe et al.,
2000; Tomavo et al., 2013).
Apicomplexan protozoa are obligate intracellular parasites that need to invade
suitable host cell and reside within a specialized vacuole (parasitophorous vacuole, PV)
in order to survive, replicate and propagate. While the contents of micronemes are
released upon host cell attachment, rhoptries proteins are involved in establishment of the
intracellular parasitophorous vacuole (Boothroyd and Dubremetz, 2008; Bradley and
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Sibley, 2007; Carruthers and Tomley, 2008). Following the invasion of the host cell,
contents of the dense granules are constitutively released for maintenance and maturation
of the PV, and communication with the host cell (Bougdour et al., 2014; CesbronDelauw, 1994). Within the PV, asexual replication occurs by an unusual mechanism
known as endodyogeny or schizogony that relies on IMC, which organizes daughter
parasite assembly and segregation of parasite organelles between progenies.
The life style and morphology of apicomplexan parasites are strongly linked to
the organization of their polarized endomembrane system and the assembly of fully
functional organelles depends on the correct packaging and transport of proteins (and
vesicles) along the secretory pathway. Protein destined to the micronemes, rhoptries and
dense granules are translocated into the endoplasmic reticulum (ER) before being
selectively removed from the ER and packaged as cargo into transport vesicles to the
Golgi apparatus (ER) (Hager et al., 1999; Hoppe et al., 2000). At the trans-Golgi
network (TGN) proteins are selectively packaged for delivery to their final destination
using diverse mechanisms including tyrosine-based signals, di-leucine motifs, prepackaging of immature proteins in the endosome-like compartment and selective protein
aggregation (Ngô et al., 2000; Shaw et al., 1998; Sloves et al., 2012; Soldati et al., 1998;
Tomavo et al., 2013). Although considerable advance has been made in understanding
the mechanisms that regulate sorting and targeting within the endomembrane system, the
cellular machinery involved in transport of cargo-loaded vesicles to the various
compartments has only been partially identified. Reverse genetic approaches in
Toxoplasma gondii have begun to put into place components of the trafficking machinery
implicated in sorting and biogenesis of apicomplexan organelles (DrpB, SORTLR, Rab6,
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Rab5A, Rab5C, Rab11b, Stx16) (Agop-Nersesian et al., 2009; Agop-Nersesian et al.,
2010; Breinich et al., 2009) (Jackson et al., 2013; Kremer et al., 2013; Sloves et al.,
2012).
Among the proteins that regulate vesicular trafficking, SNARE protein family
constitutes the central component driving membrane interaction and fusion of cargoloaded vesicle with an acceptor membrane compartment (Jahn and Scheller, 2006).
These proteins form distinct SNARE complexes that are specific to different traffic
pathways, providing specificity and identity to the compartment involved. SNAREs are
relatively small integral membrane proteins containing an evolutionarily conserved
SNARE motif (60- 70 amino acids long arranged in heptad repeat). At their C-terminal
ends most SNARE harbor a single transmembrane domain or acylation motif. In
addition, many SNAREs have an N-terminal regulatory domain that varies between
SNARE subgroups. Classified in Q- or R-SNAREs based on the presence of a conserved
glutamine (Q) or arginine (R) residue in the central ’0’ layer of the SNARE motif, an
appropriate set of three Q-SNAREs on one membrane and one R-SNARE on the other
membrane associate to form helical core complexes (trans-SNARE complex) require for
membrane fusion.
Since SNAREs play a critical role in regulating transport of vesicle and exhibit
distinct distribution pattern within the endomembrane system, characterization of this
family of proteins in apicomplexan is an essential step toward deciphering vesicular
transport and organelle biogenesis in apicomplexan. Genome wide analysis and phylogenetic reconstruction permitted classification of apicomplexan putative SNAREs (25 in
T. gondii, 24 in P. falciparum). Functional predictions based on SNARE motif and
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subcellular localization reveals conservation of SNAREs involved in the early secretory.
However, SNAREs involved in secretion to the plasma membrane, endocytic/lysosomal
pathways and other organelles are less well conserved highlighting the divergence of the
late secretory pathway, and providing a set of SNAREs likely to be involved in
distinctive parasite functions.

2. MATERIALS AND METHODS
2.1. IDENTIFICATION OF SNARE DOMAIN-CONTAINING PROTEINS IN TOXOPLASMA
GONDII AND PLASMODIUM FALCIPARUM

To identify annotated SNARE domain-containing proteins, Toxoplasma gondii
and Plasmodium genome (http://www.EuPathDB.org) were searched for the presence of
Pfam and Interpro domains PF05739/ IPR000727 (SNARE), PF00957/ IPR001388
(Synaptobrevin), PF03908/IPR005606 (Sec20), PF09753/ IPR019150 (Use1), PF00804/
IPR006011 (Syntaxin), PF05008/IPR007705 (V-SNARE), PF09177/IPR015260
(Syntaxin 6 N-terminal), PF13774/IPR010908 (Longin Domain), PF00835/IPR000928
(SNAP25), PF10496/IPR019529 (Syntaxin 18 N-terminal) and PF12352 (V-Snare Cterminal). To identify additional candidates, a completes set of SNARE proteins from
Saccharomyces cerevisiae, Homo sapiens, Arabidopsis thaliana was retrieved from
NCBI protein database and used in BLAST searches against Toxoplasma gondii
(http://www.ToxoDB.org) and Plasmodium genome (http://www.PlasmoDB.org). To
confirm homology and define domain architecture identified proteins were subsequently
searched against Pfam (http://pfam.sanger.ac.uk/) and Interpro database
(http://www.ebi.ac.uk/interpro/). Membrane anchor domains were predicted using the
80

transmembrane domain prediction software (TMHMM;
http://genome.cbs.dtu.dk/services/TMHMM/), the prenylation prediction suite (PrePS;
http://mendel.imp.ac.at) and palmitoylation prediction suite (CSS-Palm algorithm;
http://csspalm.biocuckoo.org).
2.2. MULTIPLE SEQUENCE ALIGNMENT AND PHYLOGENETIC TREE RECONSTRUCTION
Multiple sequence alignment (MSA) was first performed using only the SNARE
domains determined by Pfam match and sequences were aligned using MUSCLE
algorithm (http://www.ebi.ac.uk/Tools/msa/muscle/). To facilitate the classification of
Toxoplasma putative SNAREs, representative of the major SNARE groups (Qa, Qb, Qc
and R) from Homo sapiens, Saccharomyces cerevisiae and Arabidopsis thaliana SNARE
were included in the MSA. Phylogenetic reconstruction was performed using PHYML
3.0 software (http://www.atgc-montpellier.fr/phyml/) with 100 bootstrap replicates and
the set of data obtained was exported in iTOL software (http://itol.embl.de/index.shtml)
for phylogenetic tree visualization. For further classification, full-length protein
sequences from each SNARE group (R, Qa, Qb & Qc) were re-aligned using MUSCLE
algorithm and the correct position of the SNARE domains was determined by manual
inspection. Linking regions between subdomains and Gaps were removed from the
alignment using text editor software ConTEXT and phylogeny reconstruction was
performed using PHYML 3.0 software.
2.3. CELL AND PARASITES
Human foreskin fibroblasts (HFF) were cultivated at 37˚C in a humidified
atmosphere containing 5% CO2, as previously described (Roos et al., 1994), using 5:1 ::
81

high glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Life Technologies, Grand
Island NY, USA) : Medium 199 (Life Technologies), supplemented with 10% newborn
calf serum (NBS, Thermo Scientific, Waltham MA, USA) + 50 U/ml of penicillin, 50
µg/ml streptomycin(Life Technologies), and 25 µg/ml gentamicin (Life Technologies).
Prior to inoculation with Toxoplasma gondii tachyzoites, this growth medium was
replaced with Minimal Essential Medium (MEM, Life Technologies) supplemented with
2 mM Glutamax (Life Technologies), 1% heat-inactivated fetal bovine serum (FBS,
Thermo Scientific) and antibiotics (as above).
2.4. PLASMIDS
Plasmids for inducible expression of TgRS1A (TgME49_230430), TgBos1
(TgME49_223620), TgSec22 (TgME49_270070), TgQcS1 (TgME49_300290),
TgQbS1D (TgME49_311320), under the control of tet-regulator promoter were
engineered by replacing the DoxP sequence in pDt7s4DoxP-myc3/DHFR (kindly
provided by Dr. Boris Striepen, Univ. Georgia, (Nair et al., 2011)) with PCR amplified
fragment of the SNARE of interest flanked by Bgl II - Avr II. Plasmids pDt7s4TgBet1HA/DHFR (TgME49_205030), pDt7s4TgQbS1A-HA/DHFR (TgME49_242080) and
pDt7s4TgSed5-HA/DHFR (TgME49_226600) were engineer similarly using PCR
fragment of the gene of interest flanked Bgl II - Avr II, integrated into pDt7s4HA-DHFR
(kindly provided by Dr. Boris Striepen, Univ. Georgia, S. Ramakrishnan and G.G.v.D.,
unpublished data). PCR amplification of the SNARE coding sequences was performed
using the primers shown in Table 4.
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Table 4: List of Primers used in the Apicomplexan SNARE family study
F-BglII-TgSec22
R-TgSec22-AvrII

5'-AGATCTATGTGCGACATCACTTTCGTGAGCC-3'
5'-CCTAGGGAGGAAGAGTTTCCAGAAAATCAAGATCGCG-3'

F-BglII-TgYkt6A
R-TgYkt6A-AflII

5'-AGATCTATGATGCCAAGCAGTGGCAGTGGCA-3'
5'-CTTAAGCTAGTAAAGCTGACAGCACTGATTG -3'

F-BglII-TgYkt6B
R-TgYkt6B-AflII

5'-AGATCTATGAAACTCATTGCCTTGCTGGTT-3'
5'-CTTAAGCTACTGGACTTTACAGCATGCATAGT-3'

F-BglII-TgRS1A
R-TgRS1A-AvrII

5'-AGATCTATGCCTCTCATCTACGCCCTCGCTG-3'
5'-CCTAGGGCCGACTCGTACGCTGCGCCA-3'

F-BglII-TgSed5
R-TgSed5-AvrII

5'-AGATCTATGCCGTGCGACAGAACGGCGGAT-3'
5'-CCTAGGGCTCAAGAAAAAGACGAAGAAAACG-3'

F-BglII-TgQaS1
R-TgQaS1-AflII

5'-AGATCTATGCAGGACTTGTTCGAGGACCT-3'
5'-CTTAAGTCACTTGACGATGTTCAGAATCACAGGG-3'

F-BglII-TgBos1
R-TgBos1-AvrII

5'-AGATCTATGGACCCCGCACCTTCCGAGGCGT-3'
5'-CCTAGGCTGCTCCGAGTTAAGTGCGTCCCAG-3'

F-BglII-TgQbS1A 5'-AGATCTATGGCGTCTCTGCACACAGCCTC-3'
R-TgQbS1A-AvrII 5'-CCTAGGGACATCCCGCACGAGGCGAAGGAGC-3'
R-TgQbS1A-AflII 5'-CTTAAGTCAGACATCCCGCACGAGGCGAAGGAGC-3'
F-BglII-TgQbS1C
R-TgQbS1C-Afl II
FIM-TgQbS1C
RIM-TgQbS1C

5'-AGATCTATGAGTGGGGGGCTTACCTGCG-3'
5'-CACCGAGAGGCGCAAATCTCTTTCCATCCG-3'
5'-CACCGAGAGGCGCAAATCTCTTTCCATCCG-3'
5'-CGGATGGAAAGAGATTTGCGCCTCTCGGTG-3'

F-BglII-TgQbS1D 5'-AGATCTATGTGGGCTGACTACTTGTCGG-3'
R-TgQbS1D-AvrII 5'-CCTAGGCCAGATACCATTCCACCACTTAGAC-3'
R-TgQbS1D-AflII 5'- CTTAAGCTACCAGATACCATTCCACCACTTAGAC-3'
F-BglII-TgBet1
R-TgBet1-AvrII

5'-AGATCTATGATGAGAAAGAAAGAAGGGTATGAGAGGCGC-3'
5'-CCTAGGGGCAGACGATTTACCATAGAGAAAG-3'

F-BglII-TgQcS1
R-TgQcS1-AvrII
R-TgQcS1-AflII

5'-AGATCTATGGACTTGTGGGGAAGAGACATC-3'
5'-CCTAGGCGCGGTCGCCACGACGAGGAAGAT-3'
5'-CTTAAGTTACGCGGTCGCCACGACGAGGAAGAT-3'

F-BglII-TgQcS2
R-TgQcS2-AflII

5'- AGATCTTTGGTGACGGCGCCCGAAGAGTGC-3'
5'-CTTAAGTCAAGCTCGCTTTATGTACCTCGCG-3'

* Restriction sites shown in italics; T. gondii coding sequence are underlined.
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All plasmids were confirmed by restriction digest and sequencing. 15 x 106
freshly harvested RH-TATi T. gondii tachyzoites strain (kindly provided by Dr. Boris
Striepen, (Meissner et al., 2002)) were electroporated with 50 µg plasmid and selected in
1 µM pyrimethamine (Roos et al., 1994). Clonal plaques were isolated by limiting
dilution and screened by fluorescent microscopy for transgene expression.
N-terminal mRFP marker fusion plasmids pminmRFP-TgQaS1
(TgME49_209820), pminmRFP-TgYkt6A (TgME49_215420), pminmRFP-TgRS1A
(TgME49_230430), pminmRFP-TgQbS1A (TgME49_242080), pminmRFP-TgQcS1
(TgME49_300290), pminmRFP-TgQcS2 (TgME49_253360), pminmRFP-TgYkt6B
(TgME49_299180), pminmRFP-TgQbS1D (TgME49_311320) were engineered by
replacing Calmodulin 1 (Cam I) sequence in pminmRFP-Cam1 (unpublished data) with
PCR amplified fragment of the SNARE of interest flanked by Bgl II - Afl II. T. gondii
tachyzoites were transfected with 50 µg plasmid as above and transient transfectants
examined ~18 hr post-transfection.
2.5. IMMUNOFLUORESCENCE MICROSCOPY
HFF cells were grown to confluence on 22 mm glass coverslips, infected with T.
gondii tachyzoites, and incubated at 37˚C for a further 18-24 hr. Coverslips were then
fixed 15-20 min (4% formaldehyde + 0.05% glutaraldehyde in PBS), permeabilized 15
min (0.25% TritonX-100 in PBS), and blocked 1 hr at room temperature in 3% bovine
serum albumin fraction V + 0.25% TritonX-100. After 1 hr incubation with mouse
monoclonal anti-Myc (1:3000, Cell Signaling), rabbit monoclonal anti-Myc (1:400, Cell
Signaling) or Rat monoclonal anti-HA (1:1000, Roche Applied Science) coverslips were
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washed 3X with 0.25% Triton X-100 in PBS and stained 1 hr in Alexa Fluor 488conjugated goat anti-mouse, goat anti-rabbit or goat anti-rat antibody (1:5000; Life
Technologies). For colocalization analysis with rhoptries (Rop7), micronemes (Mic3),
early secretory compartment (proM2AP) and IMC (IMC1) samples were subsequently
incubated with mouse monoclonal anti-Rop7 (1:2000, kindly provided by Dr. Peter
Bradley, Univ. of California, (Leriche and Dubremetz, 1991)), mouse anti-Mic3
(1:10000, kindly provided by ???), Rabbit anti-proM2AP (1:400, kindly provided by Dr.
Vern Carruthers, Univ. Michigan (Rabenau et al., 2001)) or mouse anti-IMC1 (1:2000,
kindly provided by Dr. Gary Ward, Univ Vermont (Mann and Beckers, 2001; Wichroski
et al., 2002).
For DNA labeling, samples were further incubated 10 min with 4',6-diamidino-2phenylindole dihydrochloride (DAPI, EMD Millipore, Billerica MA, USA) at a final
concentration of 0.5 µg/µl in PBS, washed twice with 0.25% Triton X-100, once with
PBS, and mounted on glass slides in Fluoromount-G (Southern Biotech, Birmingham AL,
USA).
Imaging was performed on an Olympus IX70 inverted microscope equipped with
a UPlanSApo 100X oil immersion objective (NA 1.4), 300W xenon arc lamp, appropriate
barrier/emission filters, and a CoolSNAP HQ monochrome cooled-CCD camera. Image
stacks were captured using DeltaVision softWorx software (Applied Precision, Issaquah
WA, USA), and deconvolved using the constrained iterative algorithm, to minimize the
effects of out-of-focus fluorescence. Images were further analyzed using open source Fiji
software (http://fiji.sc/Fiji) (Schindelin et al., 2012).
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3. RESULTS
3.1. IDENTIFICATION, CLASSIFICATION AND STRUCTURAL FEATURES OF SNARE
DOMAIN-CONTAINING PROTEINS IN TOXOPLASMA GONDII AND PLASMODIUM
FALCIPARUM

Seeking to define a complete set of SNARE proteins that may yield insights into
the distinctive organization of the endomembrane systems in apicomplexan parasites, the
predicted proteomes of T. gondii and P. falciparum were screened for Interpro domains
associated with SNARE proteins characterized in other organisms (see Methods). The
Toxoplasma genome includes 25 genes encoding putative SNARE coiled-coil domains,
while 24 are predicted for Plasmodium. Alignment of these regions (plus the C-terminal
transmembrane domain) with well-defined yeast and human SNAREs permitted
phylogenetic analysis, identifying most parasite SNAREs as members of the R-, Qa-, Qbor Qc-SNARE subtypes, as shown in Fig. 22. A few SNAREs were difficult to align or
group properly, (cf. HsUse1), but could be classified based on their domain architecture
(see below). For each subtype, full-length proteins including N-terminal sequences (in
addition to the coiled-coil SNARE domain and C-terminal TM domain analyzed in Fig.
22) were realigned for phylogeny reconstruction. Data for R-, Qa-, Qb- and Qc-SNAREs
are presented in Figs. 22-27, and Table 5 provides a probable orthology map for
Toxoplasma, Plasmodium, human and yeast SNAREs.
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Figure 22: Classification of Toxoplasma gondii and Plasmodium falciparum SNARE domain
containing proteins
Classification of 25 Toxoplasma (red lettering) and 24 Plasmodium falciparum (blue lettering) putative
SNAREs based on domain alignment. Black lettering shows Human (35) and Fungi (41) SNAREs.
Colored arcs highlight SNAREs subgroups; Red, R-SNAREs; Green, Qb-SNAREs; Pink, Qc-SNAREs;
Cyan, Qa-SNAREs. Black circles indicate novel apicomplexan SNAREs. HsUse1 was difficult to aligned
and classified with Qa-SNAREs. Grey dots indicates bootstrap support > 50%. Evolutionary distance scale
=1;
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Pf3D7_1104100
Pf3D7_1456200
Pf3D7_1326800
TgBos1
Pf3D7_1111300
TgGos1
Pf3D7_1469100
TgSec20 Pf3D7_1316800
TgQbS1A Pf3D7_0314100
TgQbS1B Pf3D7_1236000
TgQbS1C Pf3D7_1448600
TgQbS1D
none
TgSNAP25 Pf3D7_1320500
TgBet1
Pf3D7_1011200
TgTlg1
Pf3D7_1452500
TgQcS3
none
none
TgQcS2
Pf3D7_1407200
TgQcS1
Pf3D7_0530100
TgSec22
TgYkt6A
TgYkt6B
TgRS1A
TgRS1B

GoC>ER

Toxoplasma
TgME49_270070
TgME49_215420
TgME49_299180
TgME49_230430
TgME49_248100
none
none
TgME49_246610
TgME49_257520
TgME49_226600
TgME49_247930
TgME49_209820
none
none
none
TgME49_204060
TgME49_220190
none
none
TgME49_223620
TgME49_251710
TgME49_217780
TgME49_242080
TgME49_278160
TgME49_306640
TgME49_311320
Qbc TgME49_319940
TgME49_205030
TgME49_300240
TgME49_208010
none
TgME49_253360
TgME49_300290

GoC>Go

Orthologs:

ERC>Go

Table 5: Apicomplexan SNARE Proteins
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R-SNAREs are characterized by an N-terminal longin (profilin-like) domain
(Pfam PF13774), in addition to SNARE domain (Pfam PF00957) and a transmembrane
anchor or prenylation motif (Filippini et al., 2001; Jahn and Scheller, 2006). This
architecture is readily identifiable in several apicomplexan SNAREs (Fig. 23). Clear
Sec22 orthologs are found in both Toxoplasma and Plasmodium. Both parasites also
encode two putative Ykt6 orthologs, defined based on their phylogeny and the presence of
a C-terminal prenylation sequence (Fukasawa et al., 2004). Phylogenetic reconstruction
also reveals two Ykt6 family proteins other apicomplexans (Cryptosporidium, Theileria),
and the ciliate Tetrahymena (data not shown). Apicomplexan Sec22 and Ykt6 share
more than 30% sequence identity with their mammalian and fungi orthologs and likely
mediate ER/Golgi transport function.
‘Brevins’ are short R-SNAREs lacking a longin domain, typically involved in
secretion to the plasma membrane or the endosomal pathway. These proteins have only
been described in animals and fungi, and none was observed in apicomplexans. Several
R-SNAREs lacking clear orthologs among animal and fungal SNAREs were identified in
apicomplexans. Two predicted Toxoplasma proteins (TgRS1A; TgRS1B) and one
Plasmodium protein (PfRS1) may be distantly related to the ‘Vamp’ family. Two
additional Toxoplasma SNAREs (TgRS2A, TgRS2B) and a single Plasmodium (PfRS2)
protein appear to be novel (magenta labeling in Fig. 23); all three encode a long Nterminal region, although their longin domains are difficult to identify.
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Figure 23: Phylogeny, subcellular localization and domain organization of R-SNARE subgroup
Full length protein sequences of apicomplexans (Tg & Pf) proteins cosegregating with well-defined yeast
(Sc & Sp) and human (Hs) R-SNAREs in Fig 22 were aligned using default parameters of the Muscle
algorithm. Neighbor joining tree was generated using PhyML; with 100 bootstrap replicates; bootstrap
support values greater than 50% are indicated next to the branches; Toxoplasma and Plasmodium encode
clear orthologs of SNAREs implicated in transport between the ER and Golgi apparatus. Grey shading
indicates clear ortholog group including a single member for each species; Yellow shading indicates clear
ortholog group with paralogs amplifications in apicomplexans. Two predicted Toxoplasma proteins
(TgRS1A; TgRS1B) and one Plasmodium protein (PfRS1) might be distantly related to ScNyv1/HsVamp7.
The subcellular localization data were collected from Uniprot databases and the protein domain
organizations are based on Pfam and Interpro domains; red box, hydrophobic stretch; navy blue box, Nterminal longin domain; light blue, yeast Nyv1 domain; dark green box, SNARE domain; black box,
transmembrane domain; yellow star, prenylation motif. Note that apicomplexans do not to encode the
brevins class of R-SNARE, which lack the characteristic longin domain. Two Toxoplasma (TgRS2A,
TgRS2B) and one Plasmodium (PfRS2) proteins appear to be novel (magenta lettering); All three encode a
long N-terminal tail and their longin domains are difficult to identify. †, Unresolved gene model; gene
name underlined indicates that subcellular localization is shown in this report. ER, Endoplasmic
Reticulum; TGN, Trans Golgi Network; Endo, Endosomal Compartment; Lyso, Lysosomal Compartment;
Vac, yeast vacuole; PM, Plasma Membrane; a.a., Amino Acid; Evolutionary distance scale = 1
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It is also intriguing to note that three Toxoplasma R-SNAREs are predicted to
encode an N-terminal hydrophobic sequence preceding the longin domain. Although no
functional information is available for this domain, the hydrophobic N-terminus of
human Sec22 acts as a conformational epitope regulating SNARE transport and
assembly.
Qa-SNAREs encode an N-terminal “Habc” regulatory Syntaxin domain (Pfam
PF00804 & PF14523), in addition to SNARE domain (Pfam PF05739) and a C-terminal
membrane anchor (Hong, 2005). As shown in Fig. 24, the Syntaxin N-terminal domain is
readily identifiable in most apicomplexan Qa-SNAREs (but not all; cf. PfQaS1A,
PfQaS2, PfQaS4, PfQsS5, TgQaS3). Phylogenetic analysis identifies apicomplexan
orthologs for the evolutionarily conserved Qa-SNAREs Sed5 (ER/Golgi) and Tlg2 (TGN)
(Hardwick and Pelham, 1992; Mallard et al., 2002). A single Toxoplasma (TgQaS1) and
two Plasmodium proteins (PfQaS1A & PfQaS1B) appear to be distantly related to the
syntaxin SNAREs involved in secretion to the plasma membrane (Aalto et al., 1993;
Bennett et al., 1993; Ruohonen et al., 1997). Two Toxoplasma (TgQaS3 & TgQaS4) and
four Plasmodium (PfQaS3-5) SNAREs appear to be novel (magenta lettering in Fig. 24).
Interestingly Plasmodium PfQaS3 may encode a Plasmodium Export Element (PEXEL
motif) involved in trafficking into the parasite-infected red blood cell while TgQaS3
contains an N-terminal hydrophobic domain.

91

Localiza1on+

98+
97+

64+

96+

99+
60+
51+
88+

100+

64+
71+
94+

100+

59+
65+
62+

Tlg2)

Sed5)

Lyso./Vac.!

70+
61+

Sec. /PM!

87+

TGN/ Endo!

67+
89+

Legend+
Hydrophobic+
Sed5+
Syntaxin+N<term.+
SNARE+coiled<coil+
Transmembrane+

HsStx18%
ScUfe1%
SpUfe1%
SpTlg2%
ScTlg2%
HsStx16%
TgTlg2%
PfTlg2%
TgSed5%
PfSed5%
HsStx5%
SpSed5%
ScSed5%
PfQaS5%
PfQaS3*%
TgQaS3%
TgQaS2†%
PfQaS2%
ScVam3%
PfQaS4%
HsStx12%
HsStx7%
SpPep12%
ScPep12%
SpPsy1%
ScSso1%
ScSso2%
HsStx17%
TgQaS1%
PfQaS1A%
PfQaS1B%
HsStx4%
HsStx11%
HsStx19%
HsStx2%
HsStx1%
HsStx3%

ER/Golgi!

81+

Architecture+

1000+
+a.a.+

Figure 24: Phylogeny, subcellular localization and domain organization of Qa-SNARE subgroup
Phylogenetic tree based on full length protein sequences alignment of apicomplexans (Tg & Pf) proteins
cosegregating with well-defined yeast (Sc & Sp) and human (Hs) Qa-SNAREs; bootstrap support values
greater than 50% are indicated next to the branches; Toxoplasma and Plasmodium encode clear orthologs
of Sed5 and Tlg2 (Grey shading). One predicted Toxoplasma proteins (TgQaS1) and two Plasmodium
protein (PfQaS1A & PfQaS1B) may be distantly related to Sso/HsStx1,2,3,4,11,19,17. The subcellular
localization data were collected from Uniprot databases and the protein domain organizations are based on
Pfam and Interpro domains; pink box, hydrophobic stretch; brown box, yeast Sed5 domain; green, Nterminal Habc Syntaxin domain; dark green box, SNARE domain; black box, transmembrane domain; One
Plasmodium SNARE (PfQaS3) is predicted to encode a PEXEL motif (asterisk). Several apicomplexan
SNAREs appear to be novel (magenta lettering). †, unresolved gene model; gene name underlined
indicates that subcellular localization is shown in this report. ER, Endoplasmic Reticulum; TGN, Trans
Golgi Network; Endo, Endosomal Compartment; Lyso, Lysosomal Compartment; Vac, yeast vacuole; PM,
Plasma Membrane; a.a., Amino Acid. Evolutionary distance scale = 1
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Qb-SNAREs that lack an N-terminal domain, including Bos1, Gos1 and Sec20 are
typically engaged in vesicular transport between the ER and the Golgi apparatus (Burri
and Lithgow, 2004; Hong, 2005; Sweet and Pelham, 1992). As shown in Fig. 25, clear
orthologs were identified for all of the above in both Toxoplasma and Plasmodium,
although TgSec20 appears to be unusually long. In contrast, the Vti family of QbSNAREs contain a distinct N-terminal domain (Pfam PF05008) and are implicated in a
variety of late trafficking pathways, including secretion to the plasma membrane, and
transport to the lysosomal compartments and the endocytic pathway (Antonin et al.,
2000; Fischer von Mollard and Stevens, 1999; Kreykenbohm et al., 2002; Mallard et al.,
2002). The Vti family is readily identifiable in apicomplexan parasites and has been
dramatically amplified in Plasmodium (3 paralogs) and Toxoplasma (4 paralogs),
suggesting possible involvement in apicomplexan-specific trafficking.
Qc-SNAREs lacking the N-terminal regulatory domain (Use1, Bet1/Sft1) regulate
vesicular transport between the ER and the Golgi apparatus (Jahn and Scheller, 2006)
(Banfield et al., 1995; Burri et al., 2003; Kloepper et al., 2007). Bet1 orthologs were
readily identified in both Toxoplasma and Plasmodium, and a possible Use1 ortholog was
found in Toxoplasma only (Fig. 26). Toxoplasma and Plasmodium also encode two
SNAREs more distantly related to Tlg1/Stx6 (containing an N-terminal folding domain),
which regulates transport from early/recycling endosome to the TGN (Bock et al., 1997;
Kloepper et al., 2007; Mallard et al., 2002; Wang et al., 2005), and one novel apparent Qc
SNARE (TgQcS1, PfQcS1; magenta lettering in Fig. 26).
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Figure 25: Phylogeny, subcellular localization and domain organization of Qb-SNARE subgroup
Phylogenetic tree based on full length protein sequences alignment of apicomplexans (Tg & Pf) proteins
cosegregating with well-defined yeast (Sc & Sp) and human (Hs) Qb-SNAREs; bootstrap support values
greater than 50% are indicated next to the branches; Toxoplasma and Plasmodium encode clear orthologs
(grey shading) of SNAREs implicated in transport between the ER and Golgi apparatus (Sec20, Bos1 &
Gos1). Vti family is readily identifiable in apicomplexan parasites, and has been dramatically amplified in
these parasites (yellow shading). The subcellular localization data were collected from Uniprot databases
and the protein domain organizations are based on Pfam and Interpro domains; pink box, yeast Sed5
domain; cyan, N-terminal regulatory domain; dark green box, SNARE domain; black box, transmembrane
domain. †, Unresolved gene model; gene name underlined indicates that subcellular localization is shown
in this report. ER, Endoplasmic Reticulum; TGN, Trans Golgi Network; Endo, Endosomal Compartment;
Lyso, Lysosomal Compartment; Vac, yeast vacuole; PM, Plasma Membrane; a.a., Amino Acid.
Evolutionary distance scale = 1
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Figure 26:Phylogeny, subcellular localization and domain organization of Qc-SNARE subgroup
Phylogenetic tree based on full length protein sequences alignment of apicomplexans (Tg & Pf) proteins
that co-segregate with well-defined yeast (Sc & Sp) and human (Hs) Qc-SNAREs; bootstrap support values
greater than 50% are indicated next to the branches; Toxoplasma and Plasmodium encode clear orthologs
of Bet1 and Tlg1 (grey shading). One Toxoplasma (TgQcS1) and one Plasmodium (PfQcS1) proteins
appear to be novel (magenta lettering). Subcellular localization data were collected from Uniprot databases
and the protein domain organizations are based on Pfam and Interpro domains; pink box, yeast Phox
domain; yellow, Syntaxin 6 N-terminal regulatory domain; dark green box, SNARE domain; black box,
transmembrane domain. †, unresolved gene model; gene name underlined indicates that subcellular
localization is shown in this report; ER, Endoplasmic Reticulum; TGN, Trans Golgi Network; Endo,
Endosomal Compartment; Lyso, Lysosomal Compartment; Vac, yeast vacuole; PM, Plasma Membrane;
a.a., Amino Acid. Evolutionary distance scale = 1
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Finally, both Plasmodium and Toxoplasma encode a SNARE containing both Qb
and Qc coiled coil domains (TgSNAP25, PfSNAP25), analogous to the human SNAP
family and fungal Sec9 involved in secretion to the plasma membrane (Fig. 27).
Overall, phylogenetic reconstruction permits identification of most SNAREs
likely to regulate early stages in the secretory pathway, including transport between ER
and the Golgi apparatus. However, SNAREs involved in secretion to the plasma
membrane, endocytic/lysosomal pathways and other organelles are less well conserved.
SNAREs localize to both the donor and target membranes (R- and Q-SNAREs,
respectively). Subcellular localization of putative apicomplexan SNAREs should
therefore provide additional information for functional predictions in the secretory
pathway. The availability of diverse classical and molecular genetic tools, cell biological
probes (fluorescent protein reporters), and unusually clear ultrastructure, has made
Toxoplasma popular as a model system for studying various aspects of apicomplexan
biology, including transport and trafficking (Kim and Weiss, 2004; Roos et al., 1999a).
3.2. SUBCELLULAR LOCALIZATION OF PREDICTED ER/GOLGI SNARES
As noted above (Figs. 23-27), phylogeny reconstruction has enabled identification
of various apicomplexan orthologs for evolutionarily conserved SNAREs, including Sed5
(Qa), Bos1 (Qb), Bet1 (Qc), Sec22 (R) and Ykt6 (R).
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Figure 27:Phylogeny, subcellular localization and domain organization of Qc-SNARE subgroup
Phylogenetic tree based on full-length protein sequences alignment. Both Plasmodium and Toxoplasma
encode a SNARE containing two SNARE domains (dark green box), analogous to the human SNAP family
and fungal Sec9, involved in secretion to the plasma membrane; bootstrap support values greater than 50%
are indicated next to the branches; Subcellular localization data were collected from Uniprot databases and
the protein domain organizations are based on Pfam and Interpro domains. ER, Endoplasmic Reticulum;
TGN, Trans Golgi Network; Endo, Endosomal Compartment; Lyso, Lysosomal Compartment; Vac, yeast
vacuole; PM, Plasma Membrane; a.a., Amino Acid. Evolutionary distance scale = 1.
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These proteins typically localize to the ER and/or Golgi apparatus, and regulate
transport between the two compartments in most eukaryotic cells (Pelham, 1999).
Toxoplasma parasites display a well-developed endomembrane system, including the ER
(predominantly in the basal cytoplasm, but contiguous with the nuclear envelope, which
serves as an ER-Golgi intermediate compartment filled with coated-vesicles (Hager et al.,
1999)), and a single elongated Golgi stack (located just apical to the nucleus).
To assess the possible involvement of putative apicomplexan SNAREs predicted
to regulate vesicular trafficking between the ER and Golgi, subcellular localization was
determined for Toxoplasma Sed5, Bos1, Bet1, Sec22, and the two Ykt6 orthologs Ykt6A
and Ykt6B. As described under Methods, SNARE transgenes were engineered under the
control of a tetracycline inducible promoter, and fused to C-terminal HA or Myc epitope
tags for subcellular localization. Ykt6 is predicted to include a C-terminal CAAX
prenylation motif; this protein was therefore N-terminally tagged with mRFP.
Immunofluorescence analysis reveals that Toxoplasma Sed5, Bos1, Bet1, Sec22
and Ykt6A all localize to the ER/Golgi interface and the Golgi apparatus (Fig. 28).
TgSed5 and TgBos1 co-localize with the Golgi marker GalNAc-transferase (N-Acetylgalactosaminyltransferase; Fig. 28A, columns 1-2), but the absence of perfect overlap
suggests that these proteins likely regulate trafficking between the ER and Golgi, as
previously described in other systems (Pelham, 1999). The Qb-SNARE TgBos1 also
labels the basal ER and small puncta in the parasite cytoplasm (column 2).
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Figure 28:Subcellular localization of Toxoplasma predicated ER/Golgi associated SNAREs: Sed5,
Bos1, Bet1, Sec22, Ykt6A and Ykt6B
(Panel A) Colocalization analysis of transgenic parasites expressing C-terminally epitope-tagged SNARE
protein (green) and the Golgi marker GalNAc (transient expression; red). Subcellular localization of
Toxoplasma Syn5, Bos1,Bet1 and Sec22 were determined by IFA with anti-Myc or Anti HA antibodies.
As predicted, TgSyn5, TgBos1, TgBet1 and TgSec22 localize to ER/ cis-Golgi interface, the ER and/ or
Golgi apparatus. (Panel B) Images of RH parasites transiently co-expressing expressing TgYkt6A Nterminally tagged with mRFP and the Golgi marker NAGTI. TgYkt6 localizes to the perinuclear envelope,
the ER/ cis-Golgi interface and the entire Golgi apparatus. (Panel C) Fluorescent image of RH parasites
transiently expressing a version of TgYkt6B N-terminally tagged with mRFP. TgYkt6B is predominantly
cytoplasmic but label the parasite ER. Scale bar= 5µM
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The Qc-SNARE TgBet1 overlaps perfectly with the Golgi marker GalNAc and
also decorates the perinuclear envelope (column 3).
The R-SNARE TgSec22 localizes to the Golgi apparatus (Fig. 28A, column 4),
but a significant fraction labels the parasite ER (Appendix 4). This distribution suggests
that TgSec22 regulates anterograde and retrograde transport between the ER and Golgi,
as is well known in other eukaryotes (Pelham, 1999). TgYkt6A localizes to the
perinuclear envelope (Fig. 28B), the ER/Golgi interface and the Golgi apparatus and
likely mediates transport between the ER and Golgi apparatus. In contrast, the
paralogous TgYkt6B protein is predominantly cytoplasmic, but appears to also label the
ER (Fig. 7C).
3.3. VTI1-RELATED SNARES LOCALIZE TO MULTIPLE SUBCELLULAR COMPARTMENTS
Although yeast possesses a single Vti1 SNARE associated with trafficking to the
fungal vacuole (Mollard, 1997), metazoan typically express multiple Vti1 SNARE
proteins (two in humans; (Kreykenbohm et al., 2002)) (Fig. 25), and three in plants
(Sanderfoot et al., 2000). These SNAREs display distinct subcellular localization,
regulating traffic to the plasma membrane, endosomes and/or lysosomes (Fischer von
Mollard and Stevens, 1999; Kreykenbohm et al., 2002; Mallard et al., 2002) (Advani et
al., 1998; Antonin et al., 2000; Surpin et al., 2003). Given that apicomplexan parasites
lack conventional lysosomes and endosomes, it is somewhat surprising that Toxoplasma
encodes four (and Plasmodium three) proteins distantly related to the Vti1 family of QbSNAREs; these proteins share less than 25% sequence identity
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Figure 29: Subcellular localization of Toxoplasma Vti family: QbS1A, QbS1C, QbS1D
Immunofluorescence analysis of T. gondii parasites transiently expressing C-terminally epitope-tagged
TgQbS1A, TgQbS1C or TgQbS1D (green). All three proteins colocalizes with the Golgi marker GalNAc
(left panel). TgQbS1A colocalizes with the ER marker P30-HDEL (bottom right); TgQbS1D colocalizes
with the Rhoptry marker Rop7 (Top panel) and the TGN markers ProMic2AP and Rab5A (Top right).
TgQbS1C also label the parasite plasma membrane. Nucleus is shown in blue (DAPI staining); Scale bar =
5µm.
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C-terminal epitope-tagged TgQbS1A, TgQbS1C, and TgQbS1D were found to
associate with several organelles (Fig. 29). All three proteins colocalize with the Golgi
marker GalNAc (Fig. 29, left), but TgQbS1A also colocalizes with the ER (P30-HDEL
marker; bottom right), suggesting a role in the regulation of early secretory pathway
transport. TgQbS1C associates with both the Golgi and plasma membrane (center left),
and may regulate secretion to the plasma membrane. TgQbS1D localizes to the Golgi,
rhoptries (but not micronemes or dense granules; Appendix 6), and a Rab5+ ProMIC2AP+
compartment midway between the two (top). This structure has previously been
described as an endosome-like compartment (ELC), based on the presence of Rab5 and
VP1 (Kremer et al., 2013; Rabenau et al., 2001; Robibaro et al., 2002; Sloves et al., 2012;
Tomavo et al., 2013), but it is unclear whether it displays endosomal activity, which has
not previously been described in Toxoplasma.
3.4. SUBCELLULAR LOCALIZATION OF TOXOPLASMA DISTINCTIVE SNARES
As noted above, apicomplexans also possess several SNAREs lacking clear yeast
or human orthologs. TgRS1A, TgRS2B, TgQaS1, TgQcS1 and TgQcS2 were Nterminally tagged with mRFP, and localization determined by transient expression in T.
gondii tachyzoites. Qa-SNARE TgQaS1 displays weak sequence similarity to human
syntaxins associated with the early (ER/Golgi) secretory pathway (Fig. 24), and
colocalizes with N-acetylglucosaminyltransferase I (NAGTI) confirming Golgi
association (Fig. 30, middle left). TgQcS2 also localizes to the parasite Golgi (bottom
left), consistent with the presence of an N-terminal syntaxin-6 domain characteristic of
Tlg1/Stx6 proteins (Fig. 26), which are involved in endosomal trafficking, but associate
with the Golgi. T. gondii also possesses another N-terminal syntaxin-6 domain102

containing protein that is a clear ortholog of Tlg1, which has previously been localized to
the Golgi (Pelham, 1999; Sanderfoot and Raikhel, 1999). TgRS1A appears to be
distantly related to human Vamp7 (Fig. 23), which regulates trafficking between the TGN
and the endosomes. Consistent with its phylogeny, TgRS1A colocalizes with Rab5A in
the endosome-like compartment (ELC) (Fig. 30, bottom right).
The distinctive apicomplexan Qc-SNARE TgQcS1 displays unusual subcellular
localization, associating with the ER (based on colocalization with an HDEL-tagged
marker), Golgi (based on GalNAc-mRFP colocalization), and rhoptries (Fig. 30, top
row). No colocalization was observed with ELC, microneme, or dense granule markers
(Appendix 7). Other distinctive apicomplexan SNAREs (magenta in Figs. 23-27) include
a second possible Vamp7 paralog (TgRS1B), and a possible Use1 ortholog (TgQcS3),
neither of which have orthologs in Plasmodium parasites. As indicated in Table 5, the T.
gondii genome also encodes two novel R-SNAREs, designated TgRS2A & TgRS2A
(possibly related to PfRS2), and two novel Qa-SNAREs (TgQaS2 & TgQaS3, which may
be related to four novel Plasmodium Qa-SNAREs PfQaS2-5). Conclusive information on
subcellular localization is not yet available for these SNAREs, many of which display
unusual N- or C-terminal extensions, and/or N-terminal hydrophobic domains of
unknown function.
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Figure 30: Subcellular localization of Toxoplasma distinctive SNAREs
Immunofluorescence analysis of T. gondii parasites transiently expressing N-terminally mRFP-tagged
SNARE (green). TgQaS1, TgQcS1 and TgQcS2 colocalizes with the Golgi marker GalNAc or NAGTI (left
panel). TgQcS1 also colocalizes with the rhoptry marker Rop7 and the ER marker P30-HDEL (Top panel);
TgRS1A colocalizes with the TGN markers Rab5A (bottom right). Nucleus is shown in blue (DAPI
staining); Scale bar = 5µm.
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4. DISCUSSION
Apicomplexan protozoa display a sophisticated endomembrane system,
comprised of an endoplasmic reticulum, a Golgi apparatus, unique set of secretory
organelles (rhoptries, micronemes and dense granules), and the inner membrane complex.
These distinctive organelles are implicated in critical aspects of the parasite biology,
including motility (micronemes, IMC), host cell invasion (microneme, rhoptries),
establishment of the intracellular niche (rhoptries, dense granules), and parasite
replication (IMC). Seeking to define the relationships between these organelles and
vesicular trafficking, we have conducted a genome wide analysis of the predicted
proteomes of Toxoplasma gondii and Plasmodium falciparum, to identify SNARE
proteins that may be involved. T.gondii and P.falciparum are predicted to encode
respectively twenty-five and twenty-four SNAREs (Table 5), which are readily classified
into conventional R/Qabc SNARE subclasses based on phylogenetic inference and
predicted protein domain architecture (Figs. 22-27). Table 5 provides a probable
orthology map and a proposed nomenclature for Toxoplasma and Plasmodium SNAREs.
Most of these proteins have been localized by epitope tagging and transient expression in
transfected T. gondii parasites (Figs. 28-30).
Functional predictions based on observed SNARE motifs and subcellular
localization reveals that SNAREs associated with the early secretory pathway (ER-Golgi
traffic) are highly conserved. As in most eukaryotic cells (Jahn and Scheller, 2006),
anterograde transport from the ER to the Golgi is predicted to be mediated by Sec22 or
Ykt6 (R-SNAREs), Bos1 (Qb), and Bet1 (Qc), which complex with the Golgi Qa-
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SNARE Sed5 (using the S. cerevisiae nomenclature). Orthologs are evident for all of
these SNAREs in both T. gondii and P. falciparum, and consistent with the subcellular
localization we have observed in Toxoplasma.
Retrograde transport from the Golgi to ER engages Sec22 (R), Ufe1 (Qa), Sec20
(Qb), and Use1 (Qc) (Jahn and Scheller, 2006). Clear Sec20 and Sec22 orthologs are
evident in both T. gondii and P. falciparum. A probable Use1 can be discerned in T.
gondii, but not in P. falciparum (or any other Plasmodium species, which is somewhat
perplexing). No Ufe1 homolog was observed in any apicomplexan species, but one of
the many unusual Qa SNAREs observed in T. gondii and P. falciparum (Fig. 24 & Table
5) may complement this function. Subcellular localization of Sec22 is consistent with
classical retrograde transport in the apicomplexan.
Intra-Golgi trafficking (in yeast) involves Ykt6 (R), Sed5 (Qa), Gos1 (Qb) and
Sft1 (Qc) (Jahn and Scheller, 2006); the first three of these are clearly evident in both
Toxoplasma and Plasmodium, but it has not yet been possible to resolve intra-Golgi
compartmentalization in these parasites.
In contrast to the early secretory pathway, late secretory pathways SNAREs are
more difficult to identify in apicomplexan, perhaps reflecting the highly divergent nature
of late secretory compartments in these parasites. Secretion to the plasma membrane
involves the small brevins Snc1/2, ScSso1/2 (Qa) and the Qbc-SNARE Sec9 (Jahn and
Scheller, 2006). While both Toxoplasma and Plasmodium contain a SNAP25 Qbc
SNARE (Fig. 6, Table I), there are no obvious small brevin R-SNAREs (Fig. 23), or
ScSso1/2 or HsStx1/2 Qa-SNAREs (Fig. 24). However, it is possible that RS2 and QaS1
might carry out these functions. Preliminary studies suggest that some forms of TgRS2B
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may associate with the plasma membrane (not shown), but questions about the function
of this protein’s N-terminal hydrophobic domain make definitive subcellular localization
impossible at present. Endocytosis generally involves Snc1/2, Tlg2 (Qa), Vti1 (Qb), and
Tlg1 (Qc). Although classical endocytosis has not been described in apicomplexan
parasites, orthologs are evident for all of these endocytic Q-SNAREs (Table 5), and they
associate with the endosome-like compartment (Fig. 29) (Jackson et al., 2013). SNAREs
associated with the lysosomal trafficking appear to associates with the ELC (RS1 and
QbS1D) and Rhoptry (QbS1D), suggesting that rhoptries are of divergent endolysosomal
origin (Klinger et al., 2013). Thus far, we have been unable to associate any SNAREs
with parasite constitutive secretory organelles (dense granules), the micronemes and the
IMC but a number or SNAREs appear to be novel and are likely to associates with these
organelles. Future reverse genetic studies will provide mean to identify the function of
these distinctive SNAREs.
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CHAPTER 4. EXTENDED DISCUSSION
Apicomplexans are obligate intracellular parasites responsible for a multitude of
diseases that are major public health issues, including malaria (Plasmodium sp.) and
toxoplasmosis (Toxoplasma gondii). The control of these protozoan parasites is
complicated by a shortage of vaccines, the development of drug resistant strains,
inadequacy to kill all parasitic stages (bradyzoite & hypnozoites), teratogenicity, and
great concern about the use of drugs in food animals. Thus, there is a growing need for
more effective and safer drugs against these pathogens.
As early-branching eukaryotes, apicomplexan parasites have developed a
fascinating polarized endomembrane system to meet the requirement of their complex
lifestyle. These parasites have preserved a reduced set of canonical eukaryotic organelles
that are part of the early secretory pathway including the nuclear envelope, the ER, and a
Golgi apparatus. However, most organelles defining the late secretory pathway are
missing (endosomes, lysosomes, vacuoles), divergent (rhoptries, dense granules) or
unique to the phylum (rhoptries, micronemes, IMC, apicoplast). Indeed, in most
apicomplexan parasites, classical exocytosis and endocytosis mediated by surface
receptors (Rab GTPases, SNAREs) and vesicular coat proteins (clathrin, caveolins,
adaptors) appear to be nonexistent. In addition, these parasites also lack lysosomes but
they possess a distinctive secretory organelle (rhoptries) analogous to secretory lysosomal
granules. As to compensate these losses, these protozoan parasites harbor distinctive
organelles implicated in critical aspects of the parasite biology. The three
morphologically distinct secretory organelles are involved in host cell invasion
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(micronemes, rhoptries), the establishment of the suitable niche (rhoptries, dense
granules), communication with the host cell (rhoptries, dense granules). The apicoplast is
a site for several essential metabolic pathways. The Inner Membrane Complex (IMC) is
a patchwork of flattened vesicles (alveoli) closely associated to several cytoskeletal
structures that coordinate the distinctive mode of replication exploited by these parasites.
Given that the evolutionary distance between the host cell and the apicomplexan are
defined by these biological differences, understanding the basic biology of these
distinctive features is necessary for the development of new therapeutic interventions.
This dissertation focuses on the IMC, a fascinating organelle that highlights the
fantastic diversity of replicative mechanisms observed in eukaryotic cells. Indeed
apicomplexan parasites employ an unusual mechanism for replication, assembling
daughter cells within the mother’s cytoplasm, either two cells at a time (termed
endodyogeny) or multiple cells in parallel (schizogony and endopolygeny). This unique
process requires the coordinate assembly and disassembly of the inner membrane
complex (IMC). The IMC also plays an important role in parasite structural organization
and motility. Apicomplexan parasite pathogenesis is a consequence of rapid proliferation
and a better understanding of the IMC biogenesis may yield new targets for drug
development.

1. CHAPTER II RECAP AND IMPLICATION
Chapter II of this dissertation examined IMC dynamics throughout the cell cycle,
exploiting a fluorescently labeled IMC integral membrane protein to assess the IMC
membrane per se, rather than the associated cytoskeletal markers used in most previous
studies. A careful analysis of IMC morphology throughout the T. gondii tachyzoite
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replicative cycle reveals distinct stages of endodyogeny. Initial assembly (initiation) and
growth (elongation) of the daughter IMCs within the maternal cytoplasm depends on de
novo synthesis. Daughter IMCs continue to grow even after emergence from the mother
cell, via recycling of the maternal IMC rather than de novo synthesis; we have termed this
newly-appreciated phase of the parasite development “maturation”.
Toxoplasma tachyzoites divide by endodyogeny, making recycling highly
efficient. However, other life stages of various apicomplexan parasites involve more
extensive replication. For example, T. gondii asexual development in the feline intestinal
epithelium (definitive host) yields 4 to 20 daughter parasites via endopolygeny.
Plasmodium species produce multiple daughters (typically 16-32) per replicative cycle by
schizogony. Whether the IMC is recycled at some point during the replicative cycle of
these parasites remains to be determined, but the production of multiple daughters
certainly diminishes any potential savings from recycling.
The timing of IMC disassembly in Plasmodium merozoite differs from that of
Toxoplasma tachyzoite. Indeed, in Plasmodium, the IMC of the merozoite stage is
dismantled upon host cell invasion to ensure parasite differentiation into ring stage within
the infected erythrocyte (Bannister et al., 2000; Hepler et al., 1966). As the juxtaposing
of the IMC to the plasma membrane constitutes a barrier, the rapid disassembly of this
organelle is necessary for nutrient salvage from the host cell. It will be interesting to
determine what become of the merozoite IMC following host cell invasion. GAP40 is
highly conserved in all apicomplexan parasites and experiments similar to the ones
described in Chapter II will help elucidate the fate of the merozoite IMC.
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Uncovering the molecular machinery involved in rapid disassembling of the
maternal IMC during maturation in T. gondii will yield insights into IMC dismantling in
Plasmodium merozoite. As discussed in Chapter II, study of IMC dynamic enabled us to
define the parasite cycle with a high degree of time resolution and the internalization of
GAP40 during maturation is a great marker to assess maternal IMC recycling. Small
molecules screening by fluorescence cell imaging techniques could be performed to
identify compounds that inhibit the internalization of the maternal IMC and the recycling
of the IMC in T.gondii. However this approach will require the development of
automated image analysis and the acquisition of high-magnification images with 63X or
100X objective lenses.

2. CHAPTER III RECAP AND IMPLICATION
The vesicular nature of IMC organization, and studies by others on Rab GTPases
(Agop-Nersesian et al., 2009; Agop-Nersesian et al., 2010) suggested potential
involvement of SNARE proteins in biogenesis of the IMC. The study of apicomplexan
SNARE family is also relevant for other secretory organelles that define the phylum
apicomplexan, including the rhoptries, micronemes, and dense granules. In Chapter III,
genome wide analysis and phylogenetic reconstruction enabled identification and
classification of twenty-five T. gondii and twenty-four P. falciparum putative SNAREs.
About half of these proteins have clear fungi and/ or human orthologs. Subcellular
localization analysis of several T. gondii proteins permitted to predict SNARE likely to
regulate the transport in the early secretory pathway (ER, Golgi, TGN).
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Figure 31: Map of Toxoplasma SNARE in the secretory pathway
Phylogenetic reconstruction and subcellular localization permits identification of most SNAREs likely to
regulate early stages of the secretory pathway, including transport between ER and the Golgi apparatus.
However, SNAREs involved in secretion to the plasma membrane, endocytic/lysosomal pathways and
other organelles are less well conserved. Toxoplasma possesses several SNAREs lacking clear yeast and/
or human orthologs, and they are likely to be associated with parasite distinctive organelles (yellow box).
One Asterisk (*) indicates that the localization is based on predictions only; Two Asterisk (**)
inconclusive subcellular localization data.
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Function of the remaining SNAREs is less predictable by orthology as they
appear to be distantly related to known SNARE or specific to apicomplexan. Thus, the
functional prediction has highlighted SNAREs likely to be associated with distinctive
features of the parasite endomembrane system Fig. 31. Predicting the function of
apicomplexans distinctive SNAREs by subcellular localization analysis is complicated, as
biogenesis of (and trafficking to) these organelles is highly cell-cycle dependent. For
example, two distinctive T. gondii SNAREs (TgQbS4, TgQcS1) display stage-specific
association with the immature rhoptries formed during early phases of daughter cell
assembly (Soldati et al., 1998). In order to determine the steps of secretory pathways that
are regulated by most apicomplexan SNAREs, powerful reverse genetic approaches will
be required. For example the inducible Cre recombinase system recently developed in
apicomplexan (Andenmatten et al., 2013; Collins et al., 2013) could be use to knock out
candidate SNARE. Mutant parasites will then be analyzed throughout the cell cycle to
identify association with parasites distinctive organelles. Overexpressing the SNARE
protein and analysis of phenotypes could also help in assess function of SNARE. Indeed,
overexpression of Rab-GTPases has proven to be very useful in identifying Rab function
as these proteins generally localizes to the early secretory pathway (Agop-Nersesian et
al., 2009; Agop-Nersesian et al., 2010; Kremer et al., 2013).

3. WHAT DID WE LEARN ABOUT THE TRAFFICKING TO THE IMC
Previous electron microscopic studies of the IMC, combined with our
morphological analysis of IMC turnover in living parasites suggests that the maternal
IMC is likely to be dismantled into small vesicles in the residual body prior
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internalization into newly emerged progeny. Salvaged maternal IMC is transported to the
endosome-like compartment (ELC) were it accumulate shortly before being trafficked to
the maturing daughter Fig. 32.
Interestingly, localization of the IMC marker in a compartment other than IMC is
only noticeable during maturation. Indeed, we have never been able to visualize GAP40
in the ER or Golgi during de novo synthesis, making it difficult to define the secretory
path for proteins destined to the IMC. The transient accumulation of GAP40 in the ELC
during maturation allow us to hypothesize that newly synthesized IMC proteins traffic
through the ER, the Golgi, and the ELC before reaching their final destination. The ELC
is a transit site previously implicated in post-transitional modification of newly
synthesized rhoptry and microneme proteins (Hajj et al., 2008) (Joiner and Roos, 2002;
Shaw et al., 1998; Sloves et al., 2012). It will be interesting to determine whether IMC
proteins are modified in the ELC (and if so, the nature of this post-translational
processing). A recent study has shown that T. gondii Syntaxin 6 (TgStx6) regulates
transport between the parasite Golgi and the ELC (Jackson et al., 2013). Overexpression
of TgStx6 causes an expansion of the ELC and a defect in the late stage of IMC
formation but does not affect transport to the rhoptries and micronemes. Combined with
the finding that recycling of the maternal IMC contributes to the expansion of daughter
IMCs during maturation, it is tempting to suggest that TgStx6 may also regulate IMC
recycling during parasite maturation.
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Figure 32: The two distinct phases of T.gondii IMC assembly during endodyogeny
A careful analysis of IMC morphology throughout the T. gondii tachyzoite replicative cycle reveals distinct
stages of endodyogeny. Initial assembly (initiation) and growth (elongation) of the daughter IMCs within
the maternal cytoplasm depends on de novo synthesis. Daughter IMCs continue to grow even after
emergence from the mother cell, via recycling of the maternal IMC rather than de novo synthesis; we have
termed this newly-appreciated phase of the parasite development “maturation”. Previous electron
microscopic studies of the IMC, combined with our morphological analysis of IMC turnover in living
parasites suggests that the maternal IMC is likely to be dismantled into small vesicles in the residual body
prior internalization into newly emerged progeny. Salvaged maternal IMC is then transported from the
residual body to the endosome-like compartment (ELC) were it accumulates shortly before being trafficked
to the maturing daughter. Rb, Residual body. Scale bar = 1µm. (Electron micrographs kindly provided by
Dr David Roos)
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To investigate the potential role of TgStx6 in IMC recycling the dynamic of IMC
assembly could be analyzed in parasite overexpressing Stx6. A combination of timelapse, FRAP analysis and photoactivation experiment should provide some answer.
As in other eukaryotic cells, transport and targeting of secretory proteins in T.
gondii is regulated by specific targeting motifs present within the protein sequence.
While we know about motifs that regulate transport to most apicomplexan organelles,
nothing is known about targeting to the IMC. Since all evidences indicate that IMC
proteins traffic through the ER/Golgi/ELC and that new IMC-resident (i.e. integral)
proteins have been identified, comparison of IMC integral protein sequences might help
identify specific targeting motifs. For instance, a cytoplasmic tyrosine-based targeting
signal regulates trafficking from the Golgi apparatus to the ELC and the apical secretory
organelles (rhoptries and micronemes) (Di Cristina et al., 2000)(Soldati et al., 1998)(Ngô
et al., 2000). Thus, it would be interesting to examine the potential role of similar motif
in the post-Golgi targeting of IMC integral proteins.

4. THE IMC AND THE ENIGMA OF EXOCYTOSIS/ENDOCYTOSIS
As discussed above, conventional exocytosis and endocytosis have not been
described in apicomplexan. Although it is clear that dense granule proteins are
constitutively secreted, fusion events between the dense granules and the plasma
membrane have been difficult to observe, making exocytosis an unresolved enigma. In
Chapter III of this dissertation, we have identified an apicomplexan SNARE (TgQbS3)
that localizes to the plasma membrane and Golgi apparatus, and likely mediates
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exocytosis. Additional functional studies will elucidate the role of this SNARE in the
secretory pathway, but anticipating that Toxoplasma SNAREs can orchestrate vesicles
docking, and fusion at the plasma membrane raises a fundamental question: How do
endocytic and secretory vesicles encounter the IMC? While the organization of the IMC
is essential for parasite motility and maintenance of pellicle integrity, the constant
juxtaposition of the IMC to the plasma membrane constitutes a clear obstacle for classical
exocytosis. Nonetheless, the identification of Toxoplasma membrane associated SNARE
provides means to assess endocytosis and exocytosis. For instance, TIRF microscope
technology combined with FRET imaging could be envisioned in the future to get more
insight on the dynamic of dense granules interaction with the IMC and PM.

5. MOLECULAR COMPOSITION OF THE IMC
In addition to the various question about the IMC that we discussed in this
section, the molecular composition of the IMC remains to be determined. The cortical
alveoli constitute the morphological feature defining the superphylum Alveolata, which
includes apicomplexans, chromerids, ciliates and dinoflagellates. In ciliates and
dinoflagellates the alveoli are storage organelles, and it will be interesting to determine
whether apicomplexan alveolae has retained any storage function. Since several IMC
integral membrane proteins have been identified, a combination of differential
centrifugation and immunological techniques will enable the isolation of this organelle.
Lipidomic and proteomic study of purified IMC will provide insight on the nature of this
peculiar organelle and potentially reveals additional functions.
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In sum, this dissertation work has provided new insights about IMC biogenesis,
the fate of the maternal IMC, the trafficking to the IMC, and the organization of SNAREs
in the sophisticated apicomplexan endomembrane system.
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APPENDICES

APPENDIX 1: STAGING THE IMC CYCLE IN TOXOPLASMA GONDII
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Appendix 1: Staging the IMC cycle in Toxoplasma gondii
Time-lapse imaging of living T. gondii parasites coexpressing GAP40-YFP (transient transfectant) and
IMC1-mCherry (endogenously-tagged locus). See Fig 1 legend for further description.
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APPENDIX 2: TIME-LAPSE IMAGING AND QUANTITATIVE DYNAMICS OF
GAP40
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Appendix 2: Time-lapse imaging and quantitative dynamics of GAP40
Panel A, staging of parasite replication in 9-12 time-lapse images (dots) for 15 parasitophorous vacuoles,
aligned according to the estimated time of daughter parasite initiation; color coding indicates interphase
(gray), IMC initiation (blue), elongation (aqua), emergence (magenta), and maturation (red). Black circles
indicate time points where mother and daughter parasites could be readily distinguished, permitting
accurate quantification (Table S1 & Fig 2B). Panel B (same as Fig 2B), quantification of GAP40
fluorescence in maternal, daughter, and grand-daughter parasites (dashed, solid and dotted lines,
respectively), determined from 14 sets of time-lapse images (above); sliding window analysis of 1 hr bins,
presented as mean ± s.d. (n = 6-24 samples; Figure S2 & Table S1). Color coding indicates IMC initiation
(blue), elongation (aqua), emergence (magenta), and maturation (red); gray indicates interphase parasites,
and purple IMC degradation.
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APPENDIX 3: SUMMARY TIME COURSE OF TOXOPLASMA TACHYZOITE
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Appendix 3: Summary time course of T. gondii tachyzoite development
Following the initiation of daughter parasite assembly within the maternal cytoplasm (blue), elongation
(aqua) involves de novo synthesis of the IMC membrane (GAP40, green) and cytoskeleton (IMC1, red)
over the subsequent 4 hr. Daughter parasites acquire their plasma membrane as they emerge from the
mother (magenta), but continue to mature (red) over ~2 hr, through the salvage of maternal material (dark
shading). Previous studies have focused on organellar segregation during the process of endodyogeny
(Nishi et al., 2008), i.e. the ~7 hr period between emergence of parasites from the maternal cell and the
emergence of grand-daughters. Such analyses fail to fully recognize that the complete tachyzoite life cycle
is an ~11.5 hr process, initiating within the maternal cell, and continuing through daughter cell
degeneration and salvage.
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APPENDIX 4: SUBCELLULAR LOCALIZATION OF TOXOPLASMA SYN5,
BOS1, BET1, SEC22, YKT6A AND TGQAS1
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Appendix 4: Subcellular localization of Toxoplasma Syn5, Bos1, Bet1, Sec22, Ykt6A and QaS1
(Panel A) Colocalization analysis of transgenic parasites expressing C-terminally epitope-tagged SNARE
protein (green) and the ER marker P30.HDEL (transient expression; red). (Panel B) Images of RH
parasites transiently co-expressing expressing the Golgi marker NAGTI (red) and TgYkt6A or TgQaS1 Nterminally tagged with mRFP (green). (Panel C) Colocalization analysis of transgenic parasites expressing
C-terminally epitope-tagged SNARE protein (green) and the Golgi marker GRASP (transient expression;
red). DAPI staining (blue) shows parasite and host cell nuclei. Scale bar= 5µM.
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APPENDIX 5: SUBCELLULAR LOCALIZATION OF TOXOPLASMA VTI1
RELATED SNARE TGQBS1A
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Appendix 5: Subcellular localization of Toxoplasma Vti1 related SNAREs TgQbS1A
Transgenic parasites expressing TgQbS1A tagged C-terminally with HA-epitope (green). To validate
subcellular localization, colocalization was performed with TgQbS1A tagged N-terminally with mRFP
(red). Colocalization with several markers was performed to assess association with the ER (P30.HDEL),
Golgi (GalNAc), endosome-like compartment (ProMIC2AP), micronemes (Mic3), and rhoptries (Rop7).
Scale bar= 5µM.
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APPENDIX 6: SUBCELLULAR LOCALIZATION OF TOXOPLASMA VTI1
RELATED SNARE TGQBS1D
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Appendix 6: Subcellular localization of Toxoplasma Vti1 related SNAREs TgQbS1D
Transgenic parasites expressing TgQbS1D tagged C-terminally with myc-epitope (green). Colocalization
with several markers was performed to assess association with the ER (P30.HDEL), Golgi (GalNAc),
endosome-like compartment (ProMIC2AP), micronemes (Mic3), rhoptries (Rop7), and dense granules
(P30mRFP). Scale bar= 5µM.
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APPENDIX 7: SUBCELLULAR LOCALIZATION OF TOXOPLASMA
DISTINCTIVE SNARE TGQCS1
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Appendix 7: Subcellular localization of Toxoplasma distinctive SNARE related TgQcS1
Transgenic parasites expressing TgQcS1 tagged C-terminally with myc-epitope (green). To validate
subcellular localization, colocalization was performed with TgQcS1 tagged N-terminally with mRFP (red).
Colocalization with several markers was performed to assess association with the ER (P30.HDEL), Golgi
(GalNAc), endosome-like compartment (ProMIC2AP), micronemes (Mic3), rhoptries (Rop7), and dense
granules (P30mRFP). Scale bar= 5µM.
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APPENDIX 8: SUBCELLULAR LOCALIZATION OF TOXOPLASMA
DISTINCTIVE SNARE TGRS1A
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Appendix 8: Subcellular localization of Toxoplasma distinctive SNARE related TgRS1A
Transgenic parasites expressing TgRS1A tagged C-terminally with myc-epitope (green). Colocalization
with several markers was performed to assess association with the ER (P30.HDEL), Golgi (GRASP),
endosome-like compartment (ProMIC2AP and Rab5A), micronemes (Mic3), and rhoptries (Rop7). Scale
bar= 5µM
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1984; Zangerle et al., 1991; Luft and Remington, 1992; Weiss and Dubey,
2009). Toxoplasmosis is also a prominent source of congenital disease, as
the highly promiscuous tachyzoite form is able to cross the placenta and
infect the fetus. The severity of congenital toxoplasmosis is greatly
influenced by the timing of maternal infection (Desmonts and Couvreur,
1974; Dunn et al., 1999; Nowakowska, Colon et al., 2006). Women
infected before pregnancy rarely transmit to the fetus, except in
immunodeficient patients (Dunn et al., 1999). Primary infection of the
mother during the first trimester is typically controlled without
transplacental transmission, but when transmission occurs, it is usually
associated to a miscarriage or severe fetal lesions (e.g., intracranial
calcification, hydrocephalus; Desmonts and Couvreur, 1974). Infection
later during pregnancy is more commonly transmitted, leading to ocular
disease (e.g., chorioretinitis; Desmonts and Couvreur, 1974; Dunn et al.,
1999), learning defects, or both, that are likely to advance with age due to
recrudescence of bradyzoite cysts established in the infant (Holland, 2009;
Melamed, 2009). If recognized early, transmission and the severity of
infection in the child may be attenuated by treatment during pregnancy
(Couvreur et al., 1984; Hohlfeld et al., 1989; Forestier et al., 1991;
Cortina-Borja et al., 2010) or shortly after birth (Jones et al., 2003; Kaye,
2011). The globally patchy distribution of T. gondii, and the many
complications associated with this infection, argue for epidemiological
studies to shape local and regional health policies.
In an effort to assess the prevalence of T. gondii and potential public
health risk of congenital toxoplasmosis in Mali, 760 sera previously
collected in the context of 2 unrelated malaria case studies were tested for
the presence of antibodies to this protozoan parasite. Both studies were
carried out in accordance with good clinical practices; clearance to use
these sera for T. gondii serotyping was obtained from the Ethical
Committee of the Faculty of Medicine Pharmacy and Dentistry of the
University of Bamako, Mali. This report includes all samples for which
demographic and clinical data were available.
Kolle is a rural village located at 57 km south of Bamako, where
residents raise millet, maize, sheep, and goats. The Kolle cohort (Djimde
et al., 2007; Tekete et al., 2009) included 533 sera: 10 from 6- to 12-mo-old
infants (1.9%), 124 (23.3%) from children aged 1–5 yr, 219 (41.1%) from
children aged 6–10 yr, 124 (23.3%) from children aged 11–15 yr, and 56
(10.5%) from adults (.15 yr). Data were binned into age classes to enable
statistical comparisons (see Supplementary Table I for detailed age
information).
The Bamako cohort (from 2007 to 2008) included consenting mothers
of neonates referred for inpatient care to the Unit of Reanimation and
Neonatology of Hospital Gabriel Touré and consisted of 113 samples
from adult women (.15 yr old) and 114 sera from their babies in the first
month of life (including 1 pair of twins). Serum samples from mothers and
babies (aged 1–30 days) were collected as reported previously (DickoTraore et al., 2011), and stored at "80 C until needed
Patient samples were tested for anti-T. gondii antibodies by the
modified agglutination test, using formalin-fixed T. gondii tachyzoites
(Desmonts and Remington, 1980; Thulliez et al., 1986; Dubey and
Desmonts, 1987; Dannemann et al., 1990). In brief, sera were diluted with
0.01 M phosphate-buffered saline (pH 7.2) in round-bottomed 96-well
microtiter plates (2-fold serial dilutions from 1:25 to 1:3,200; 25 ll/well).
Positive and negative control sera were included on each plate. Formalinfixed RH-strain parasites were suspended at the final concentration of 6 3

ABSTRACT:

The protozoan parasite Toxoplasma gondii is globally
distributed, with considerable local variation in prevalence based on
behavioral and environmental factors. To assess prevalence and estimate
risk in Mali, we conducted a survey of 760 serum samples previously
collected for malaria studies. A modified agglutination test detected
antibodies in ~27% of the adult population, with no significant
differences between men and women, or between urban and rural study
sites. In the village of Kolle, seroprevalence rose from 0% in infants (,1
yr, but after weaning of maternal immunoglobulin G) to 0.8% (1–5 yr),
2.7% (6–10), 11.3% (11–15), and 26.8% (.15); differences between the
,10-, 11–15-, and .15-yr age groups were highly significant (P ! 0.01).
We also observed an increase in anti–T. gondii antibody titers with age.
Modeling the observed age distribution suggests a seroconversion rate of
~1%/yr, indicating that congenital toxoplasmosis may be an underappreciated public health concern in Mali.

The protozoan parasite Toxoplasma gondii is widely distributed
throughout the world, and it is thought to be capable of infecting all
warm-blooded animals, including humans. It is estimated that one third of
the human population is chronically infected with T. gondii, although
prevalence varies by locale based on climate, agricultural traditions, eating
habits, feline population density, socio-economic conditions, and other
factors (Feldman, 1968; Tenter et al., 2000). Seroprevalence has been
estimated at 6–17% in the U.K., 50–60% in France, 10–25% in North
America, 10–60% in Asia, 45–80% in South America, and 20–85% in
Africa (Carme and Tirard-Fleury, 1996; Dromigny et al., 1996; Pal et al.,
1996; Baril et al., 1999; Nash et al., 2005; Jones et al., 2007; Dubey and
Jones, 2008; Rosso, Les et al., 2008; Fernandes et al., 2009; Pappas,
Roussos et al., 2009; Sroka et al., 2010; Xiao et al., 2010).
Toxoplasma gondii may be transmitted by the ingestion of meat
containing latent tissue cysts (bradyzoites), or food or water contaminated
with oocysts shed in feline feces; cats are the definitive host for this
parasite (Benenson et al., 1982). After passage through the acidic
environment of the stomach, parasites excyst, invade the intestinal
epithelium, and differentiate into the acutely lytic (tachyzoite) form.
Tachyzoites divide rapidly within a specialized vacuole inside infected
cells. The tachyzoites ultimately cause these cells to lyse, spreading
infection to neighboring cells and tissues throughout the body. Continued
cycles of infection in the absence of effective control can produce extensive
tissue damage.
Toxoplasmosis is typically subclinical, as the infection is usually well
controlled in immunocompetent adults even without treatment, through a
combination of innate and acquired immune responses (Derouin, 1992).
In parallel with the emergence of acquired immune responses, however,
some parasites differentiate into latent bradyzoite tissue cysts, especially
within the brain, establishing a life-long chronic infection in affected
individuals. Although chemotherapy is available for acute infection, no
drugs are known to be effective against these latent forms.
Primary, or recrudescent, infection can be fatal in immunocompromised individuals, and T. gondii is a well-known opportunistic pathogen in
acquired immunodeficiency syndrome and patients immunosuppressed for
cancer chemotherapy, transplantation, or other reasons (Clumeck et al.,
DOI: 10.1645/GE-3239.1
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TABLE I. Seroprevalence for Toxoplasma gondii.
Female

Bamako (urban)
Kolle (rural)

Male

Age (yr)

N

Positive

%

.15
Neonate†
0.5–1
1–4
5–9
10–14
!15

113
35
4
58
128
63
41

31
11
0
1
3
6
10

27.4
31.4
0.0
1.7
2.3
9.5
24.4

N

79
6
66
91
61
15

Positive

20
0
0
3
8
5

Total
%

N

Positive

%

SD (%)*

25.3
0.0
0.0
3.3
13.1
33.3

113
114
10
124
219
124
56

31
31
0
1
6
14
15

27.4
27.2
0.0
0.8
2.7
11.3
26.8

8.3
8.4
0.0
1.4
5.7
5.7
5.8

* Two SDs from the mean, based on observed sample size (N) and seropositivity (S): 2 3 (S [1 – S]/N)0.5.
† All seropositive neonate samples were from seropositive mothers.

105 parasites/ll in alkaline buffer (pH 8.95) containing 1% bovine serum
albumin, 200 mM b-mercaptoethanol, and 40 lg/ml Evans blue dye, and
25 ll of the antigen mixture was added to each well of the microtiter plate.
After overnight incubation at 37 C, agglutination (failure to precipitate)
was read by eye, and sera with titers !1:25 were considered positive.
Parasite agglutination is a well-established method for assessing exposure
to T. gondii, as human sera from patients worldwide cross-react with
intact parasites of any strain.
Demographic and clinical profiles were recorded and analyzed using
Epi Info 6 software, with statistical significance defined as P " 0.05.
Confidence intervals for observed seropositivity (2 SDs from the mean)
were calculated as 2 3 (S [1 – S]/N)0.5, where N is the sample size and S the
observed frequency of seropositivity. Seroconversion rates were estimated
by comparison with standard curves calculated according to the formula
PA(þ) ¼ 1 – (1 – S)A, where PA(þ) represents the fraction of the population
that is seropositive at age A and S is the annual seroconversion rate.
Forty-six of 169 adult Malian sera (27.2%) were positive for T. gondii
antibodies (at .1:25 dilution), indicating previous parasite exposure

FIGURE 1. Toxoplasma gondii seroconversion rates in Mali. Data
collected from Kolle (Table I and Supplementary Table I) were binned by
age (1–4, 5–9, 10–14, and 15–64 yr) to provide sample sizes of !50 and
plotted to estimate seroconversion rates. Error bars indicate SD in age and
seropositivity (see text); the broad bar for adults (broken line) is a
consequence of pooling all available adult samples. Comparison with
standard curves calculated for various rates of seroconversion (gray)
suggests an overall rate of ~1%/yr.

(Table I). Differences observed between the all female Bamako cohort (31/
113; 27.4%) and either men (5/15; 33.3%) or women in Kolle (10/41;
24.4%) were not statistically significant (P . 0.5). These levels of adult
seroprevalence are well within the range reported previously at various
sites around the world (Zumla et al., 1991; Dhumne et al., 2007; Jones et
al., 2007; Kamani et al., 2009; Pinto et al., 2012)
Considering younger samples in the Kolle cohort reveals a progressive
increase in seroprevalence with age, rising from 0% in infants, to 0.8 % in
the 1- to 5-yr age group, 2.7% in the 6- to 10-yr age group, 11.3 % in the
11- to 15-yr age group, and 26.8% in adults. Differences in seroprevalence
were highly significant between children in the 11–15-yr age group and
those ,10 yr (P , 0.002) or adults .15 yr (P ¼ 0.01). Modeling these data
(as described above) suggests an overall seroconversion rate of approximately 1% (gray lines in Fig. 1).
Toxoplasma gondii–positive serotiters also seem to increase with age, as
antibody levels were highest among subjects aged .10 yr (P ,0.02; Table
II). 71.4% (5/7) of positive sera from children ,10 yr in the displayed
antibody titers "1:100, whereas 85.8% (12/14) of positive sera from
children 11–15 yr and 84.8% (39/46) of adults presented anti–T. gondii
serotiters !1:200. Serotiters in babies from the Bamako cohort were
uninformative for this study, as all reflected the serum status of their
mothers, presumably due to residual immunoglobulin G transmitted
across the placenta before birth.
Previous reports from Bamako and surrounding areas have described
T. gondii seroprevalence in adults of ~60% in 1974 (Quilici et al., 1976),
34% in 1984 (Maiga et al., 1984), and 21% in 2001(Maiga et al., 2001). It
is possible that exposure may be declining, but longitudinal studies are
required to determine whether this is indeed the case. Although age data
are not available for individual samples in these earlier studies, pooled
data in the 1974 study suggest a seroconversion rate of ~3–4%/yr. More
recent studies from elsewhere in West Africa report T. gondii seropositivity
in the range of 20–25% (Julvez et al., 1996; Faye et al., 1998; Simpore et
al., 2006; Ndiaye et al., 2007; Ayi et al., 2009; Kamani et al., 2009;
Akinbami et al., 2010) consistent with seroconversion rates in the range of
0.5–1.0%/yr. All reports agree that seroprevalence is similar in urban and
rural communities and that it is similar in men and women.
It is clear that T. gondii is widespread in Mali, and elsewhere in West
Africa, in both urban and rural areas, and that rising seroprevalence in
women of child-bearing age indicates a significant risk of congenital
disease. The current population (.15 million) and birth rate (4.5%) in
Mali suggests that several thousand pregnancies are at risk for
transplacental toxoplasmosis annually, leading to fetal abortion, mild or
severe congenital neurological defects, chorioretinitis, learning disabilities,
or a combination. The availability of effective treatments minimizing the
adverse effects of congenital toxoplasmosis suggests that the public health
impact of routine screening during pregnancy should be considered.
We thank Natalie Miller for providing fixed parasites, Dr. Josh Plotkin
for statistical consultation, the members of Molecular Epidemiology and
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TABLE II. Anti–Toxoplasma gondii serum titers.*
Low titer

Moderate titer

High titer

Age (yr)

N

Positive

%

1:25

1:50

1:100

1:200

1:400

1:800

1:1,600

1:3,200

Median (log)

0.5–1†
1–4
5–9
10–14
!15‡

10
124
219
124
169

0
1
6
14
46

0.0
0.8
2.7
11.3
27.2

0
1
0
0
3

0
0
2
2
3

0
0
2
0
1

0
0
0
2
4

0
0
0
0
8

0
0
0
1
8

0
0
0
0
4

0
0
2
9
15

0
1:25
1:200
1:800
1:800

* Pooled data from males and females, as no sex-specific differences in seroprevalence or titer were observed (see Table I).
† All seropositive neonate samples were from seropositive mothers.
‡ Pools data from Kolle and Bamako, as no differences were observed in anti–T. gondii seropositivity (see Table I).
Drug Resistant Unit (MEDRU) for sample collection, and all members of
the populations enrolled in these studies. Financial support for this study
was provided by a Howard Hughes Medical Institute international
scholarship 55005502 to A.A.D. and National Institutes of Health grants
TW001589 and AI064371 (A.A.D.) and AI28724 (D.S.R.).
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Memórias do Instituto Oswaldo Cruz 104: 351–357.
JONES, J. L., D. KRUSZON-MORAN, K. SANDERS-LEWIS, AND M. WILSON.
2007. Toxoplasma gondii infection in the United States, 1999 2004,
decline from the prior decade. American Journal of Tropical
Medicine and Hygiene 77: 405–410.
———, F. OGUNMODEDE, J. SCHEFTEL, E. KIRKLAND, A. LOPEZ, J.
SCHULKIN, AND R. LYNFIELD. 2003. Toxoplasmosis-related knowledge
and practices among pregnant women in the United States. Infectious
Diseases in Obstetrics and Gynecology 11: 139–145.
JULVEZ, J., J. F. MAGNAVAL, D. MEYNARD, C. PERIE, AND M. T. BAIXENCH.
1996. Seroepidemiology of toxoplasmosis in Niamey, Niger.
Médecine Tropicale 56: 48–50.
KAMANI, J., A. U. MANI, G. O. EGWU, AND H. A. KUMSHE. 2009.
Seroprevalence of human infection with Toxoplasma gondii and the

130

374

THE JOURNAL OF PARASITOLOGY, VOL. 99, NO. 2, APRIL 2013

associated risk factors, in Maiduguri, Borno state, Nigeria. Annals of
Tropical Medicine and Parasitology 103: 317–321.
KAYE, A. 2011. Toxoplasmosis: Diagnosis, treatment, and prevention in
congenitally exposed infants. Journal of Pediatric Health Care 25:
355–364.
LUFT, B. J., AND J. S. REMINGTON. 1992. Toxoplasmic encephalitis in
AIDS. Clinical Infectious Diseases 15: 211–222.
MAIGA, I., P. KIEMTORE, AND A. TOUNKARA. 2001. Prevalence of
antitoxoplasma antibodies in patients with acquired immunodeficiency syndrome and blood donors in Bamako. Bulletin de la Société
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The economic and clinical significance of apicomplexan
parasites drives interest in their many evolutionary novelties.
Distinctive intracellular organelles play key roles in parasite
motility, invasion, metabolism, and replication, and
understanding their relationship with the organelles of betterstudied eukaryotic systems suggests potential targets for
therapeutic intervention. Recent work has demonstrated
divergent aspects of canonical eukaryotic components in the
Apicomplexa, including Golgi bodies and mitochondria. The
apicoplast is a relict plastid of secondary endosymbiotic origin,
harboring metabolic pathways distinct from those of host
species. The inner membrane complex (IMC) is derived from
the cortical alveoli defining the superphylum Alveolata, but in
apicomplexans functions in parasite motility and replication.
Micronemes and rhoptries are associated with establishment
of the intracellular niche, and define the apical complex for
which the phylum is named. Morphological, cell biological and
molecular evidence strongly suggest that these organelles are
derived from the endocytic pathway.
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immunocompromised patients [2]. Cryptosporidium is a
prominent source of severe diarrhea in both cattle and
human infants [3], and Eimeria, Neospora, Babesia and
Theileria cause agricultural diseases of poultry and/or
livestock (Cryptosporidium and Babesia are also opportunistic pathogens in humans). Plasmodium is responsible
for at least 200 million cases of malaria, resulting in
>660 000 deaths each year (http://www.who.int/malaria/
publications/world_malaria_report_2012/en/) [2]. Most
therapeutic development has focused on parasite-specific
biochemical targets, but cell biological features of these
microbial eukaryotes are perhaps their most distinctive
attributes (Figure 1). Comparison with other eukaryotic
systems provides insight into the origin and diversity of
eukaryotic organelles, including distinctive cell biological
aspects of the Apicomplexa that suggest novel targets for
therapeutic intervention.
Some organellar homologs are obvious, including the
nucleus, ER and plasma membrane. Others display clear
homology to ubiquitous eukaryotic organelles, including
the Golgi and mitochondria, but have accrued unique
biological traits. For others, homology was initially
unclear, but recent studies have unmasked the apicoplast
as a secondary endosymbiotic plastid, and the inner
membrane complex (IMC) as a homolog of ciliate alveoli,
enhancing our understanding of apicomplexan cell
biology, evolution and pathogenicity. The origin of other
structures including invasion organelles of the apical
complex (micronemes, rhoptries) remains unresolved.
This report briefly summarizes the divergent paths taken
by the mitochondria and Golgi, and highlights recent
work on the cell biology and evolutionary history of
the apicoplast and IMC. It concludes with the idea that
we now have sufficient evidence to say with some certainty that the apical complex organelles have an endolysosomal origin, although the precise nature of this
homology remains an interesting point of enquiry.

http://dx.doi.org/10.1016/j.mib.2013.07.015

Outgroups, ingroups and unambiguous
organellar homologs
Introduction
The apicomplexan lineage includes some of the world’s
most abundant — and most devastating — protistan parasites. Toxoplasma infects !30% of the global human
population [1], and while usually asymptomatic in otherwise healthy adults, acute disease can produce severe
neurological disease or death during fetal infection and in
Current Opinion in Microbiology 2013, 16:424–431

Studies on the opisthokonts (supergroup encompassing
animals and Fungi) Opisthokonta (animals and fungi;
Figure 2) provide a wealth of cell biological knowledge,
but porting this knowledge to the apicomplexans
requires a map, with organismal sign-posts for reference.
Fortunately, advances in eukaryotic molecular taxonomy
now make such mapping possible [4]. The ‘SAR’
www.sciencedirect.com
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Organelle homology highlighting potential relationships between a schematized apicomplexan and a hypothetical comparative alveolate cell.
Endosymbiotic organelles are indicated in warm tones, while endomembrane organelles are shown in cool tones.

supergroup includes Stramenopiles (diatoms, brown
algae, oomycetes), Rhizaria, and Alveolates; the latter
is comprised of three major lineages: the Ciliates, Dinoflagellates, and Apicomplexa. Recent environmental
sampling [5!] reveals a wealth of uncharacterized apicomplexans, as well as other groups such as the colpodellids, whose diversity is just beginning to be explored.
Among those, the newly discovered basal apicomplexans
Chromera velia and Vitrella brassicaformis [6,7!!] are freeliving/symbiotic and photosynthetic organisms, and hold
great promise for comparative studies on the almost
exclusively parasitic Apicomplexa.
Toxoplasma gondii displays the least divergent set of
organelles among well-studied and experimentally tractable apicomplexans, providing a model for apicomplexan
cell biology [8]. The stacked cisternae of the single T.
gondii Golgi are closely associated with the endoplasmic
reticulum at the apical end of the nucleus, providing a
www.sciencedirect.com

textbook example of this organelle, including trafficking
via COP-I, COP-II and clathrin-coated vesicles [9]. The
Golgi of Plasmodium (and many other apicomplexans) is
more highly reduced (often just a single cisterna), and
harbors divergent, lineage-specific trafficking factors
[10,11]. As the central nexus of vesicular transport, the
Golgi mediates targeting both to intracellular locations
and the exterior. A better understanding of the apicomplexan Golgi is likely to provide useful insights into the
biology and pathogenesis mediated by these parasites’
distinctive endomembrane organelles.
The Apicomplexa also harbor a mitochondrion (Figure 1)
displaying several unusual features. The majority of
apicomplexan mitochondrial genomes (including that of
Vitrella) are very small (6–11 kb), and encode just three
protein-coding genes (cox1, cox3, cob), along with extensively fragmented rRNA genes [12]. The genome organization varies according to species and is either
Current Opinion in Microbiology 2013, 16:424–431
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Figure 2
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Phylogenetic position of the Apicomplexa relative to selected outgroups. Broken line indicates the large evolutionary distance between SAR and
opisthokont taxa. Note that this cladogram displays relative position only, with no indication of evolutionary distance or rates.

monomeric linear (e.g. Theileria) or concatemeric (e.g.
Plasmodium) [12]. Although the precise arrangement of
genes may differ, no genome is greater than 11 kb [12].
The exceptions are Cryptosporidium, which has entirely
lost its mitochondrial genome and Chromera, which possesses an even more reduced mitochondrial genome than
many apicomplexans, resembling the fragmented dinoflagellate mitochondrial genome [13]. Most mitochondrial
proteins are imported via a greatly reduced import apparatus (Figure 3); the Cryptosporidium import system contains just seven proteins, representing one of the most
reduced systems yet defined [14]. Apicomplexan mitochondria also display reduced metabolic capacity [15],
including an unusual partitioning of heme biosynthesis
also observed in chromerids [16]. Apicomplexan mitochondria also lack pyruvate dehydrogenase, generally
supposed to be the entry point for energy metabolism,
and conserved in other aerobic mitochondria. This
absence is shared with dinoflagellates [17], suggesting
loss prior to their divergence, and some members of both
lineages contain pyruvate:ferridoxin oxidoreductase
instead [15,18]. These genomic and metabolic differences highlight extreme divergence between parasite
and host biology, providing exciting areas for further
investigation.
Current Opinion in Microbiology 2013, 16:424–431

A relic chloroplast
Comparison with other eukaryotes has also been instrumental in characterizing the apicomplexan plastid (apicoplast; Figure 1) [19–21], a secondary endosymbiotic
organelle surrounded by four membranes acquired when
an ancestral alveolate engulfed a eukaryotic alga, and
retained the algal plastid. Chromera [6] contains a descendent of this organelle retaining photosynthetic function,
providing considerable insight into apicoplast origins
[22!!,23,24]; careful phylogenetic analysis now strongly
supports a red algal ancestry [22!!].
The majority of apicoplast genes are encoded in the
nucleus [21]. Some proteins target the apicoplast using
a tyrosine-based motif [25], but most exploit a classical
secretory signal sequence mediating cotranslational
translocation across the endoplasmic reticulum; vesicular fusion then allow traversal of the first apicoplast
membrane [21,26]. Phylogenetic and cell biological
analyses have shown that the apicoplast has repurposed
proteins from the ERAD system (normally used to
remove misfolded proteins from the ER) as an apicoplast translocon [27,28]. Finally, a greatly reduced
conventional chloroplast import apparatus (Figure 3)
is exploited to cross the inner two (original plastid)
www.sciencedirect.com
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Figure 3
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Import machinery for apicomplexan endosymbiotic organelles, highlighting conserved components in gray; white components are absent from at least
some Apicomplexa (based on bioinformatics searches; few of these proteins have been confirmed experimentally [14,28]). Left, mitochondrion (OM,
outer membrane; IM, inner membrane; IMS, inter-membrane space). Complex names are indicated in italics; numbers indicate the protein identifier,
that is, 22 = Tom22. Cryptosporidium displays the most highly reduced mitochondrial import. Plasmodium retains additional proteins, but has
dispensed with Tom20 and Tom70. Right, apicoplast (membranes numbered sequentially from exterior to interior; Plasmodium shown). Proteins likely
cross the outer membrane by vesicle fusion [25], the second membrane using a translocon derived from the endoplasmic reticulum ERAD system, and
a reduced chloroplast import apparatus to cross the third and fourth membranes [27,28].
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membranes (see Deponte [28] for a more detailed
review.)
Little is known about transcription and translation in the
apicoplast, which encodes its own RNA polymerase,
ribosomal RNAs, and many ribosomal proteins (others
are encoded in the nucleus and imported, as above).
Although plants and algal plastids also exploit a
nuclear-encoded phage-type RNA polymerase, the only
phage-type RNA polymerase reported in Apicomplexa to
date is presumed to be targeted to the mitochondrion
[29]. Transcription in the apicoplast appears to be polycistronic [30] as observed in photosynthetic chloroplasts.
Although no longer photosynthetic, the apicoplast carries
out several biochemical processes including the synthesis
of isoprenoids (via the xylulose pathway, rather than
HMG CoA reductase used by humans and other opisthokonts), fatty acids (using a type II fatty acid synthase,
rather than the type I FAS typical of opisthokonts), heme
(partitioned unusually between the mitochondrion and
apicoplast), and Fe–S cluster maturation (reviewed in
[31]). The functional importance of these pathways has
long been a mystery, however, particularly as Crypotosporidium has lost the apicoplast entirely, acquiring all
relevant nutrients from its environment. A breakthrough
article [32!!] recently demonstrated that the apicoplast
can be eliminated from blood-stage Plasmodium, if the
growth medium is supplemented with isopentenyl pyrophosphate. This implicates the isoprenoid synthesis as
the sole essential apicoplast function in these parasites,
although not necessarily implying the lack of other roles
in other apicomplexans. Nonetheless, this strategy provides researchers with a powerful research tool for assessing drugs thought to target the apicoplast — an organelle
with no counterpart in human or animal host species.

IMC: homology with ciliate and dinoflagellate
alveolae
Perhaps the most distinctive aspect of apicomplexan cell
biology is their peculiar mechanism of replication, in
which daughter parasites are assembled de novo, within
the maternal cytoplasm, rather than dividing by binary
fission [33,34]. This process, termed schizogony, involves
an unusual membrane–cytoskeletal complex known as
the IMC. The IMC is derived from cortical alveolae
[35,36] — a morphological character defining the superphylum Alveolata, including apicomplexans, chromerids
and colpodellids, ciliates, and dinoflagellates [7!!]
(Figure 2).
Ciliate alveolae are specialized for storage and regulatory
activities [35], while dinoflagellate alveolae have evolved
into the armored plates characteristic of this phylum [36].
In the apicomplexa, the IMC forms a patchwork of Golgiderived flattened membrane vesicles, closely apposed to
the plasma membrane to yield a triple membrane [37,38].
Current Opinion in Microbiology 2013, 16:424–431

The cytoplasmic face of the apicomplexan IMC associates with subpellicular cytoskeletal elements (microtubules and intermediate filament-like alveolins)
[34,37,39]. The complex organization of this structure
appears to be essential for the maintenance of cell shape
and pellicle integrity [38,40,41]. In motile apicomplexan
zoites, the IMC also serves to anchor the glideosome
motility machinery [42].
It is unclear how the alveoli were coopted for the purpose
of division in the Apicomplexa, but the IMC provides a
practical solution to several fundamental problems faced
by many apicomplexan parasites, including the strict
requirement to maintain polarity during replication, the
need to rapidly assemble multiple daughter parasites
before bursting out of the infected host cell, and the
challenges posed by the lack of classical lysosomes: all
maternal organelles packaged into daughter parasites are
the result of a positive ‘decision’; waste material (including the indigestible hemozoin polymer produced
by degradation of hemoglobin in malaria parasites) is
simply left behind [33,38].

Rhoptries and micronemes: divergent
endolysosomal homologs?
Elucidating organelle homology in Apicomplexa has
clearly helped to understand their unique aspects. And
yet, despite their tremendous global impact, and the
scientific effort applied, there remain apicomplexan organelles for which the homology remains incompletely
resolved. The Apicomplexa are named for the apical
complex, a characteristic set of apical invasion organelles
(Figure 1). This includes the microtubular conoid and the
single-membrane bound rhoptries and micronemes. In
mature cells, spherical or ellipsoidal micronemes localize
to the apical end of the cell in close association with the
conoid. The micronemes are first to discharge upon
binding to the host cell. The club-shaped rhoptries, which
occupy a large cellular area with the thinner neck portions
(Figure 1) oriented toward the apical end of the cell [43],
then discharge and mediate entry of the parasite to the
host cell. The evolutionary origins of these organelles
have been murky, but the most strongly supported hypothesis [36,44,45!,46] is of a highly divergent endolysosomal origin.
This general idea is not new, with the first proposition
almost a decade ago [47] that rhoptries are directly
homologous to secretory lysosomes. A significant body
of evidence, however, has now accumulated from diverse
studies from morphology to trafficking to proteomics. pHsensitive immunolocalization microscopy suggests that
mature rhoptries are acidic (pH 5–7), while prerhoptries
are even more acidic (pH 3.5–5.5) [48]. Both rhoptries and
micronemes are granular, and have dense staining areas
under electron microscopy [49], similar to endosomes.
Furthermore, early in their biogenesis, micronemes
www.sciencedirect.com
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closely resemble multivesicular bodies or late endosomes.
The key endosomal proteins AP-1 and Rab11A colocalize
with rhoptries [50,51,35,36] and proteomic studies have
identified various hydrolases in the rhoptry lumen, potentially similar to lysosomal hydrolases [52]. Likewise, the
microneme appears to contain various endosomal membrane-trafficking proteins including protein homologs of
VAMP, syntaxin 13, clathrin, sortillin and Eps15R [53].
Trafficking to micronemes and rhoptries has been an
area of intense research, but is still not fully understood. Microneme proteins traffic through the endosomal system via signals in N-terminal prodomains
which are cleaved en route via a Cathepsin L protease
[54,55]. Rhoptry trafficking, though less-clearly
characterized, also appears to rely on N-terminal prodomains [56], or in the case of membrane proteins,
specific residues within the N-terminal region [57]. It
is clear though that trafficking to both organelles relies
on apicomplexan homologs of sortilin and dynamin
[58,59], and may rely on transmembrane cargo
adaptors [60]. Additionally, Rab5A and 5C are important for both microneme protein trafficking and rhoptry
biogenesis [45!]. TgROP2 was initially reported to
contain a YXXf motif in its cytoplasmic tail and traffic
via AP-1 [51,61], although these results are contentious. Alternatively, the TgROP2 result may be
explained by the notion that sortilin, in model eukaryotes, interacts with numerous trafficking factors including AP1 and AP2, clathrin, and components of the
retromer complex [59].
Despite these similarities to endolysosomal organelles in
model systems, it is clear that these apical organelles also
possess unique aspects. Although proteomic studies
identified endosomal membrane-trafficking machinery,
they also showed a large proportion of organelle-specific
proteins, for example, the MICs, ROPs, and more [53,62].
As well, Rab5 and Rab7, canonical markers for endosomes
and lysosomes, localize to the late secretory pathway
instead of the micronemes or rhoptries [45!].
Though the evidence is strongly suggestive of homology
between the apical complex invasion organelles (rhoptries, micronemes) and the organelles of the endosomal
system (early/recycling endosomes, secretory lysosomes),
the nature of this homology is less clear. The presence of a
dynamic vacuolar compartment in T. gondii similar to
plant lytic vacuoles [63], and of the digestive vacuole
in Plasmodium spp., further complicates any one-to-one
assignment of homology. Furthermore, the variable presence of rhoptries and micronemes in early branching
dinoflagellates such as perkinsids, as well as in colpedellids, and chromerids, and the presence of trichocysts in
some ciliates and dinoflagellates, suggests not only that
the invasion organelles of Apicomplexa predate the development of intracellular parasitism, but also that alveowww.sciencedirect.com

lates possess diverse modifications of their endocytic
systems [7,36].
It is possible that these organelles are derived from an
organellar expansion of either endosomes or lysosomes.
It is also possible that there is a one-to-one correlation,
possibly micronemes to endosomes, rhoptries to
secretory lysosomes, and the apicomplexan system
has diverged to such an extent that the homology has
become difficult to assess. The apicomplexan endocytic
membrane-trafficking machinery complement has certainly been modified via loss from a more complete
canonical eukaryotic set. Key cargo adaptors (AP3),
MVB machinery (ESCRTs I, II) and endocytic MTC
complexes have been lost ([46,64], Dacks and Klinger,
unpublished) via a process that is best explained by lack
of selection on the machinery associated with the endocytic functions of the endolysosomal organelles. This
may also indicate a concurrent adaptive emphasis on
their secretory functions.
Further work by molecular parasitology in apicomplexans
is certainly warranted, but with the evidence now pointing to endolysosomal homology, the investigative path is,
at least, somewhat clearer.

Conclusions
Whether from an organismal perspective (alveolates, colpodellids/chromerids, and between apicomplexans) or
organelle by organelle, taking a comparative approach to
apicomplexan cell biology has already produced important
insight into pathogenesis on a cellular level. With new
organelle homology hypotheses solidifying, and advances
both in experimental tools and genome sequencing to
explore alveolate diversity (notably in the colpodellids
and chromerids), further work from this evolutionary cell
biological approach will help lead to a better understanding
of apicomplexan parasites and a way forward to combating
these threats to our global health and well-being.
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